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1. Executive Summary

1. Executive Summary

Salt formations have long been recognized as a highly favorable host rock for the final disposal
of high-level radioactive waste (HLW) in deep geological repositories. Their unique properties,
including exceptional impermeability, self-healing capabilities, and thermal conductivity, make
them a reliable natural barrier for the deep disposal of radioactive waste. This report focuses
on the development and application of a methodology for assessing the integrity and per-
formance of the Engineered Barrier System (EBS) within salt-based repositories, a critical
component of the multi-barrier system ensuring safe radioactive waste disposal.

The RANGERS project, a collaboration between BGE TECHNOLOGY GmbH (BGE TEC) and
Sandia National Laboratories (SNL), leverages decades of expertise from Germany and the
United States to establish a unified approach for the design, evaluation, and performance as-
sessment of EBS in salt repositories. The methodology developed under this project provides
a comprehensive framework for addressing the regulatory, geotechnical, and safety require-
ments for HLW repositories, ensuring containment and isolation over regulatory timeframes.

At the core of this methodology is the integration of Features, Events, and Processes (FEP)
analysis to evaluate the loads and stresses acting on the EBS, predict its evolution, and as-
sess its performance through rigorous numerical simulations. The approach begins with the
selection of a geological site and repository design, followed by the definition of a tailored
sealing concept. The repository system, comprising the geological site, infrastructure, and
EBS, is subjected to FEP analysis to identify relevant processes affecting the EBS’s structural
and functional integrity. This analysis informs the integrity assessment, which evaluates the
EBS’s capacity to withstand thermomechanical, hydraulic, and chemical loads over regulatory
timeframes.

The integrity of the repository system is verified through a dual-path framework, consisting of
an Integrity Demonstration under a reference scenario and an Integrity Evaluation under alter-
native scenarios. This comprehensive approach, as outlined in regulatory guidelines, provides
a deeper understanding of repository robustness and reliability. The Integrity Demonstration
ensures the sealing function by analyzing hydraulic resistance and structural stability under
thermal-hydraulic-mechanical-chemical (THMC) conditions. It is inspired by engineering stan-
dards such as EUROCODE, utilizing partial safety factors to address uncertainties in loads
and resistance, ensuring structural integrity of the EBS. The Integrity Evaluation, meanwhile,
focuses on the hydraulic evolution of the EBS under alternative scenarios, enhancing robust-
ness and resilience by optimizing its design. While mechanical analysis dominates integrity
demonstration, the hydraulic evolution assessed in alternative scenarios directly contributes to
radiological performance, aligning these evaluations within the broader performance assess-
ment framework.

Building on this approach, a robust and comprehensive modeling concept has been developed
to derive systematic numerical analyses for both integrity and performance assessments. This
advanced concept enables precise and rigorous safety evaluations, ensuring the long-term
containment of high-level radioactive waste (HLW) and spent nuclear fuel (SNF). By leveraging
recent advancements in performance assessment (PA) codes and the availability of powerful
computational resources, the concept integrates a wide range of FEPs into unified numerical
models. These models employ variable discretization strategies tailored to the specific focus
of each investigation, allowing for optimized resolution and computational efficiency. This ap-
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1. Executive Summary

proach ensures that all critical aspects of repository performance are captured with sufficient
accuracy, enhancing confidence in the overall safety and robustness of the repository system.

The present report consolidates two separate studies into a synthesis document: one focusing
on the development of the methodology, and the other on its application to a generic repository
system in salt formations through numerical analyses.

Key findings from the RANGERS project, derived from the application of this methodology,
confirm that the engineered barrier system (EBS) can withstand THMC repository conditions,
maintain structural integrity, and ensure effective containment under repository conditions:

» Thermal Evolution and Backfill Compaction: The crushed salt backfill, which serves as
the long-term sealing component in repository drifts, achieves significant compaction
within approximately 1,000 years. Elevated temperature, generated by the decay heat
from HLW and SNF, facilitate rapid compaction in the early stages, ensuring effective
containment within decades of emplacement. Thermal conductivity of the salt rock con-
tributes to efficient heat dissipation, minimizing the impact on the structural stability of
the repository.

» Mechanical integrity: The repository system demonstrates robust mechanical stability
under thermomechanical loads. Dilatancy zones, which form locally around the drift
and shaft walls, are predicted to remain spatially limited and recover naturally over time
due to salt’s creep and convergence properties. This recovery ensures the repository’s
structural integrity over extended timescales. It has been shown that the sealing com-
ponents in the EBS will be subject to compressive stresses over time as a result of the
creep behaviour of the salt.

» Hydraulic Sealing Performance: Hydraulic assessments reveal minimal fluid migration
through the shaft seal, with calculated inflow volumes into the infrastructure remaining
below significant levels for up to 50,000 years. This ensures the hydraulic sealing func-
tion of the EBS under both normal and extreme scenarios. The evolving permeability
of the compacted crushed salt is shown to effectively prevent advective transport of
potential contamined fluids, further contributing to the containment function.

» Gas Generation and Transport: Simulations indicate low gas pressures within the repos-
itory due to the initial migration of evaporated water into the surrounding salt rock, driven
by elevated temperatures. This process reduces the potential for gas-induced hydraulic
loading, ensuring that the EBS’s structural integrity is maintained over time. Further
analyses have shown that, at low gas pressures, the influence on the compaction of
crushed salt is relatively modest, allowing the backfill to consolidate as intended. How-
ever, at elevated gas pressures, the impact becomes more pronounced, with the po-
tential to significantly delay the compaction process by several decades, or in extreme
cases, even centuries. Under conditions of extremely high gas pressure, the compaction
process may not only be halted entirely but could also reverse, leading to the dilation of
the backfill material.

* Integrated Performance Assessment: The methodology effectively integrates the results
of numerical simulations into an overarching performance assessment framework. This
includes evaluating the evolution of the EBS under the reference and alternative sce-
narios. These assessments have shown that gases generated within the repository will
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be dissolved in the crystalline water of the salt. It is therefore unlikely that high gas
pressure will develop in a salt repository. The developed numerical simulations can now
be further elaborated for the consideration of radiological assessment.

The findings emphasize the suitability of salt formations and the engineered barrier system for
radioactive waste disposal. The RANGERS methodology offers a structured workflow for de-
signing, evaluating, and optimizing EBS performance in salt repositories. By focusing on the
integrity and functionality of each EBS component and its evolution, the methodology reduces
uncertainties in performance assessment models and ensures compliance with stringent reg-
ulatory standards.

The project RANGERS provides a solid foundation for advancing EBS integrity assessments,
optimizing repository designs, and improving long-term safety for HLW disposal. The results
validate the EBS’s capacity to maintain its structural and functional integrity over regulatory
timeframes, supporting sustainable, long-term radioactive waste management in salt reposi-
tories. Through its rigorous and adaptable framework, the RANGERS project establishes a
new standard for the safe and effective disposal of radioactive waste in salt formations.
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2. Introduction

2. Introduction

Salt formations are one of the potential host rocks for the final disposal of high-level radioac-
tive waste (HLW) in deep geological repositories, both in Germany and the United States. The
safe isolation of radioactive waste in these repositories relies on a multi-barrier system, com-
bining engineered and natural barriers. The natural barrier is provided by the salt rock itself,
known for its self-sealing properties and long-term stability. The engineered barrier, on the
other hand, comprises sealing components strategically placed within the repository to en-
hance its containment capabilities. In both Germany and the United States, long-term safety
assessments require demonstrating the integrity of the natural barrier for a period of up to 1
million years. Concurrently, the engineered barrier system (EBS) must maintain its structural
and functional integrity until the long-term seal, such as the granular salt backfill material, has
re-consolidated to its final low porosity and permeability.

Based on extensive expertise and experience with engineered barriers in salt formations,
BGE TECHNOLOGY GmbH and Sandia National Laboratories have partnered to develop a
robust methodology for the integrity and performance assessment of EBS in HLW repositories
through the RANGERS project. This collaborative effort aims to establish a unified approach
to geotechnical engineering, repository design, integrity and performance evaluation of EBS
in salt repositories.

This report presents a comprehensive framework for the design and evaluation of EBS in
salt-based repositories, offering detailed guidance on regulatory compliance, safety concepts,
design and long-term performance. The developed methodology provides a structured path-
way for designing and assessing the EBS’s performance, aligned with the specific geological
site and repository concept. From the selected geological site and repository design, a tailored
sealing concept is defined, which forms the basis of the EBS. The overall repository system,
comprising the geological site, repository infrastructure, and EBS, is then subjected to a rig-
orous analysis of Features, Events, and Processes (FEPs). Only FEPs relevant to the EBS
are considered, from which the loads and stresses acting on the system are derived. These
loads form the foundation for the integrity assessment. The FEPs are also used to evaluate
the evolution of the EBS over the reference period in the scope of performance assessment.

By focusing on the long-term structural integrity and containment effectiveness of the EBS,
the RANGERS project sets a new standard for the future of safe radioactive waste disposal
in salt formations. Through comprehensive performance assessment simulations, this project
ensures that the EBS will meet the stringent safety requirements necessary to demonstrate
the safety proof of HLW repositories in salt.
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3. General Context

Rock salt formations are considered in Germany and in the United State as suitable host rock
for the final disposal of radioactive waste. A radioactive waste repository in salt can take
advantage of the extremely low connected porosity and practical impermeability of natural
rock salt formations to solutions on one hand, and their self-healing ability on the other hand,
to achieve long-term secure containment of the disposed waste and its isolation from the
biosphere Kreienmeyer et al. (2008). In a repository in rock salt, it is generally assumed
that there are no pathways in the undisturbed host rock that allow the inflow of solutions
from the overburden into the disposal areas. Through appropriate exploration, it is ensured
that no solution inclusions are encountered in the host rock or that they are emptied during
the excavation of the mining structures (Kindlein et al., 2018). This makes rock salt a safe
medium for radioactive waste disposal in deep geological formations.

The safety of a repository in a salt formation is based on a multi-barrier concept. The multi-
ple barriers in salt repositories consist of a technical barrier, a geological barrier, the crushed
salt backfill serving as long term barrier, and the geotechnical barriers. The technical bar-
rier is provided by the disposal casks. The safety function of the casks is to ensure the safe
transport and handling during the operational phase and to ensure the requirements for re-
trievability and recoverability up to 500 years in Germany (StandAG, 2023). The geological
barrier is provided by the salt host rock. The geological barrier aims to ensure the long-term
and secure containment of radioactive waste. The effectiveness of a repository in rock salt is
highly dependent on the integrity of the geological barrier in the rock formation (Ménig et al.,
2012).

Another important barrier for a salt repository is the backfill material, crushed salt. Due to
its self-healing properties, this barrier ensures the safe containment of radioactive waste for
long periods of time, even beyond the time frame required for quantitative verification (Muller-
Hoeppe and Krone, 1999). During the excavation of the mine, the geological barrier is
breached, temporarily creating direct pathways from the waste to the biosphere. In addition,
in areas close to the excavations, the geological barrier is damaged and locally weakened. To
ensure long-term stability and permanent filling of the cavities, the mined salt rock generated
during excavation will be used as backfill material, filling excavations with essentially the same
material as the surrounding geological barrier. Over time, the compaction of the backfill ma-
terial develops a sealing effect comparable to that of the undisturbed geological barrier. The
time required to reach the final states can vary from tens to thousands of years. It depends
on the convergence rate, moisture content, and ambient temperature. Therefore, additional
geotechnical sealing structures such as shaft seals and drift seals are planned, which will
provide a specified sealing ability directly at the closure of the repository (Ménig et al., 2012).

According to AKEnd (2002), the closure of shafts holds a similar significance in terms of long-
term safety as the function of the geological barrier. In AKEnd (2002), it is recommended:
“A repository mine, whose safety case is primarily based on geological barriers, must be
sealed with a geotechnical barrier, the shaft seal, in any case.” The shaft seal is the most
crucial safety component as it restores the integrity of the containment area (Miller-Hoeppe
and Krone, 1999). Its main function is to prevent water or solution ingress from the overlying
rock into the repository after its closure. In the event that radionuclides are mobilized during
the post-closure phase, the shaft seal ensures their retention within the repository through
appropriate sealing measures. The concept of a shaft seal includes sealing components,
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similar to those of a drift seal, as well as supporting and load-bearing elements (Kreienmeyer
et al., 2008).

In a repository for radioactive waste, drift seals are of significant importance as a safety ele-
ment at the edge of the enclosing rock area. The drift seal must seal off the anthropogenic
pathways for solution ingress into the repository, thereby compensating for the temporary loss
of safety caused by the construction of the repository (Orzechowski, 2018).

During the post-closure phase, these sealing structures are subject to external influences
and alteration processes (e.g., thermal, mechanical, hydrological, and chemical), which may
affect their effectiveness throughout the entire assessment period. Because of the presence
of the long-term seal, both shaft and drift seals, must not provide their function during the
complete post-closure phase. Thus, the shaft seals and drift seals must remain sufficiently
tight until the hydraulic resistance of the backfill material is high enough to prevent or limit
the ingress of solutions to the waste, achieving the protection level specified in the safety
requirements (M&nig et al., 2012).

The design of the geotechnical barriers is a challenging task. These structures require a
reliable and well-documented verification that extends their safety assessment well into the
post-operational phase and includes critical situations, such as the ingress of solutions. The
verification procedures from current engineering recommendations and guidelines only ad-
dress above-ground structures with a lifespan of approximately 100 years and the possibility
of maintenance and repair, but not to underground structures that require a post-operational
lifespan of several thousand years without active intervention (Orzechowski, 2018). The shaft
seal for instance in a salt repository is designed to remain functional until the occurrence of
the next ice age, which is estimated to occur in 50,000 years. However, after the ice age,
changes in hydrogeological and topographic conditions caused by glaciation introduce signif-
icant uncertainty in predicting the chemical composition of infiltrating waters. Consequently,
designing robust seals capable of withstanding these uncertain chemical conditions becomes
impossible. In later periods, after the ice age, the primary sealing function is achieved by the
host rock and the compacted backfill (Ribel et al., 2016). For the drift seals, a similar or longer
functional life time can be expected. The shaft seal would be expected to lose its function first,
being the first geotechnical structure in contact with corrosive water. After the failure of the
shaft, the drift seals would also provide resistance to flow, keeping brine away from the waste.
Therefore, a methodological approach to the design of the engineered barrier system over
such a long period of time is critical to the overall safety of a repository in salt.

In Germany, significant efforts have been made to design and assess the safety of engi-
neered barrier systems for repositories in salt formations. These efforts are aimed at ensuring
the long-term isolation and containment of radioactive waste. Several noteworthy projects
exemplify these efforts and are outlined below.

A new approach to evaluating the effectiveness of barriers in a repository system, as proposed
by Miller-Hoeppe and Krone (1999), presents a methodology for evaluation the effectiveness
of an underground repository system and its geotechnical barriers in a salt host rock. The key
aspect is the introduction of a method for estimating the risk posed by a repository. The funda-
mental assumption is that a mine specifically designed for disposal purposes is excavated in
an undisturbed salt formation. After disposal, the mine is sealed using a multi-barrier system,
which requires comprehensive evidence for the entire system as well as individual compo-
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nents. No institutional control is planned following the closure of the repository. Referring to
past experiences with flooded salt mines, it is noted that while salt itself is impermeable, there
is a distinction between the pure material (halite) and the salt rock formation, which is char-
acterized by layering and geometric features. The authors proposes the following definition of
tightness as a central argument to assess the safety of the disposal in salt (Miiller-Hoeppe and
Krone, 1999): A barrier is considered tight if the penetration front of the contaminated fluids
does not reach the opposite end of the barrier within the designated period of exposure..

According to Miller-Hoeppe and Krone (1999), previous considerations assumed the prema-
ture failure of barriers as a regular load case, and then considered them as flow barriers in the
verification process, assuming gradual release of contaminants. However, if barrier failure is
assumed as a normal load case, it eliminates the significant advantage of the salt host rock,
as the compaction of the backfill is disrupted and it does not become hydraulically resistive.
This assumes the occurrence of an event that only happens in exceptional cases. Such an
approach is not provided in engineering and buildings standard such as the Eurocode (DIN
EN 1990, 2010) or in the regulations for the design of nuclear facilities by the Nuclear Technol-
ogy Committee (Kerntechnische Ausschuss (KTA), 1988). These standards initially assume
the expected behavior of the system during the design process (Muller-Hoeppe and Krone,
1999).

In this context, Miiller-Hoeppe and Krone (1999) proposes a verification method using the limit
state design concept with partial safety factors for model and material uncertainties, similar to
the Eurocode methodology. However, this method focuses on tightness rather than structural
stability. The essential steps are as follows: 1. Description of the limit state for which the
actions and resistances are determined. 2. Development of models for actions (i.e. loads or
impacts), material properties, and geometric values. The aim is to demonstrate that the limit
states are not exceeded using the determined design values and selected models.

The authors also raise concerns about the feasibility of applying verification concepts to proba-
bilistic approaches. Probabilistic verification with a specified confidence level requires a sam-
ple size proportional to the reciprocal of the confidence level, which significantly increases
computational demands. Given the complexity of the system, this approach appears imprac-
tical due to the substantial computational resources required. Only for very improbable sce-
narios where a low confidence level on the order of 1072 is sufficient, is this fully probabilistic
method considered applicable (Miller-Hoeppe and Krone, 1999). However, it is important to
note that this statement should be reconsidered in light of the advancements in computational
capacities in recent years (Sanders, 2020; Kuhiman et al., 2024).

The approach put forward by Miller-Hoeppe and Krone (1999) has been further developed
in the project ISIBEL. The project ISIBEL (Verification and Evaluation of the Instrumentation
for the Safety Assessment of High-Level Radioactive Waste Repositories — Buhmann et al.
(2008)) provides a systematic inventory of the state of research and development in the dis-
posal of heat-generating radioactive waste. Work package 5 of this project focuses on the
status of design and planning of geotechnical barriers. The follow-up project ISIBEL II, called
KOMTESSA, incorporated findings from the previous project and mentioned these results in
a chapter on geotechnical barriers.

In the ISIBEL project, the impacts and resistances are derived from a collection of features,
events, and processes (FEP) that are generic to salt repositories and need to be specified
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for a specific site. The goal of this project is not to provide specific evidence but rather to
demonstrate how such evidence can be obtained and that it is theoretically feasible. As de-
scribed in Miller-Hoeppe and Krone (1999), the aim is to show how the safe containment
can be demonstrated through a combination of geological and geotechnical barriers, and how
the maximum individual dose or maximum risk can be determined using release scenarios.
The regular demonstration in this project does not involve conservative release scenarios but
focuses on the safe containment of the waste. Possible developments and their probabilities
are derived from a combination of scenario analysis (Buhmann et al., 2008).

The ISIBEL project considered release scenarios but did not perform a detailed analysis of
their likelihood of occurrence. In the safety concept, developments outside the probable range
of the repository are differentiated from less likely and unlikely developments. Release scenar-
ios (design-based events) are considered for the less likely developments, while the unlikely
developments serve to assess their impact and enhance the understanding of the system
(Buhmann et al., 2008).

Following the proposed approach in Miller-Hoeppe and Krone (1999), the integrity assess-
ment consists of two components. The requirements for hydraulic properties are derived from
the long-term safety analysis (LZSA) and need to be demonstrated for geotechnical barriers.
Together with the structural integrity evidence, they constitute the functional demonstration for
the safety of geotechnical barriers (Buhmann et al., 2008).

The VSG Project (Preliminary Safety Analysis of the Gorleben Site) was a major scientific
study undertaken to evaluate the long-term safety and feasibility of using the Gorleben salt
dome as a repository for high-level radioactive waste in Germany. VSG integrated previous
developments and research efforts, and provided a comprehensive overview. The methods
developed in ISIBEL have been refined. Unlike the ISIBEL project, the updated safety re-
quirements of the Federal Ministry for the Environment, Nature Conservation, and Nuclear
Safety (BMU) from 2010 are available in the VSG and can be incorporated (BMU, 2010). This
means that the theoretical considerations from previous projects have been transformed into
directives by the responsible institution, and policy decisions have been made regarding open
questions such as monitoring and the possibility of retrieval.

The VSG safety concept is based on the fundamental safety requirements:

« Integrity concept (continuity and barrier function of the engineered barrier system remain
intact),

« Containment concept (rapid and tight containment of waste through salt rock and barri-
ers), and

« Criticality exclusion.

14 objectives and 17 measures are derived to concretize these requirements. Some of them
are directly linked to the EBS. From the safety concept, a verification concept is derived. The
VSG verification concept demonstrates how compliance with limits and requirements can be
quantitatively demonstrated under the measures mentioned in safety concept. It serves as
the basis for all work within the system analysis in the project. The verification includes the
following aspects:
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1. Procedure for delineating the engineered barrier system.

2. Preservation of the engineered barrier system and its components during the verification
period.

3. Criticality exclusion.
4. Containment of radioactive waste within the multi barrier system.

5. Radiological consequences/release scenarios.

The second point specifically addresses the verification of the engineered barrier system. The
verification period continues until another barrier can demonstrably fulfill the safety function.
During this period, the hydraulic resistance and structural integrity of the EBS must be main-
tained (Monig et al., 2012). In this purpose, coupled analyses consider thermal, hydrological,
mechanical, and chemical (THMC) processes and examine aspects such as crack limitation,
stability, durability, integral permeability, and failure probability that was introduced as verifi-
cation criteria in the project ISIBEL. Similar to the ISIBEL project, feasibility and robustness
must be demonstrated (Ménig et al., 2012).

In the context of the VSG project, Muller-Hoeppe et al. (2012b) proposed a comprehensive
design for the engineered barrier system (EBS) specifically tailored to the Gorleben site, which
has been extensively studied. This design represents the first of its kind for a high-level ra-
dioactive waste repository in Germany. It has since served as a foundation for subsequent
research and development, as well as a source of inspiration for EBS designs in other host
rock formations. In a subsequent analysis by Muller-Hoeppe et al. (2012a), the proposed de-
sign was evaluated to ensure compliance with the safety and verification concept discussed
earlier.

To achieve this, geochemical process modeling was employed to simulate dissolution and pre-
cipitation processes within the shaft sealing elements. This modeling considered the inflow of
brine from the overburden and the resulting changes in solution composition throughout the
entire sealing system. Geomechanical process modeling was also conducted to assess the
mechanical loads on the sealing elements, including rock pressure and hydraulic pressure, to
verify no damage would occur. Furthermore, hydraulic assessments were performed to de-
termine the water flow through the sealing system and assess whether the permeability of the
system met the required safety function of preventing contact between the waste and external
water sources. Based on the results of the performance assessments, design modifications
were implemented to finalize the layout of the sealing system.

Building on the pioneering work of Muller-Hoeppe et al. (2012b), the practical design of shaft
seals was a focal point of the ELSA project. This project seeks to further advance the knowl-
edge and implementation of shaft seals for repositories of high-level radioactive waste. The
insights and findings from Mduller-Hoeppe et al. (2012b) have provided valuable inspiration
and guidance for the design considerations in the ELSA project. By incorporating the site-
specific characteristics of different host rock formations, the project aimed to develop practical
and effective designs for shaft seals that ensure the long-term safety and containment of ra-
dioactive waste. The focus was on existing and planned shaft seals in repositories located
in clay and salt formations. Insights into the use of materials in geotechnical barriers were
discussed, which can be applied to the shaft seals examined in this report and incorporated
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into recommendations. Due to the requirements for sealing former mining shafts outlined in
relevant standards, there is a greater wealth of experience in sealing shafts compared to drift
seals (Kudla and al., 2020).

Within the ELSA project, a comprehensive analysis was conducted, providing a detailed de-
scription of shaft seal systems in various rock formations. This analysis encompassed an
in-depth examination of rock mechanics properties, flow and transport processes, and the
specific conditions present at each sealing location. It is crucial to consider that shaft seals
serve as the primary geotechnical barriers, being the first point of contact for infiltrating solu-
tions from the overlying strata or the shaft itself. As a result, the range of infiltrating solutions
for which shaft seals need to be designed is relatively large compared to those encountered
at drift seals. This distinction is significant as it directly influences the chemical environment
experienced by the drift seals located within the repository, situated behind the shaft seal.
Furthermore, it is noteworthy that the presence of geochemically unsaturated brine solutions
at the barrier represents a key differentiation from the drift seals within the repository.

During the second phase of the ELSA project (ELSA Il), significant advancements were made
in the development and testing of functional elements for shaft seals. Extensive laboratory
programs have been conducted to refine and evaluate the materials used in shaft seals. Field
experiments have been carried out to assess the constructibility of shaft seals, including the
backfilling of a mock-up shaft. Additionally, simulations have been performed to analyze the
settlement stability of the gravel column in the shaft during seismic events. The results demon-
strate that the expected settlement after a seismic event will be within the range of centimeters,
indicating the effectiveness of the design in maintaining stability. These findings contribute to
the overall improvement and reliability of shaft seals for repositories of high-level radioactive
waste (Kudla and al., 2020).

The assessment of safety for underground closure structures in salt rock formations was also
studied by Wagner (2005). Given the lack of practical experience in constructing long-term se-
cure underground closure structures, this dissertation presents a semi-probabilistic approach
to safety assessment.

For this purpose, distribution functions (deterministic value, normal or log-normal distribution)
are defined for the influencing factors of different closure elements, and failure probabilities
for individual elements (i.e., bentonite sealing elements, gravel columns) are calculated using
these distributions. A deterministic model is established to represent the failure mechanism.
Subsequently, input parameters for this model are linked to the stochastic models, and failure
probabilities are calculated using the Monte Carlo method (Wagner, 2005).

Wagner also acknowledges the need for large sample sizes to determine small failure prob-
abilities as a significant weakness of this method. However, considering the considerably
improved computational power today, this statement needs to be reassessed. A maximum
volume flow of Q = 10 m3/year (Wagner, 2005) within a demonstration period of one million
years is assumed as the limit state for the design. It is emphasized that the imprecise data
basis and the difficulty of determining material properties for such long periods make it critical
to evaluate the derived nominal values of failure probabilities (Wagner, 2005).

Wagner (2005) determines failure probabilities related to the service life for drift closure struc-
tures ranging from 10=% and 6 - 10~3. The failure probability can be interpreted as a mono-
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tonically increasing function of time during the demonstration period, with failure occurring
at a random point in time. Improving the results can be achieved through investigations of
input parameters, their probabilities, and the arrangement of redundant elements. The calcu-
lated failure probabilities in the study can only describe the considered limit states, making the
determination of these limit states a crucial task in the design process (Wagner, 2005).

Furthermore, Wagner (2005) notes that a rational determination of the limit value for failure
probability is not straightforward. As demonstrated in the past, it is a politically made decision
indirectly reflected in the safety requirements of the Federal Ministry for the Environment,
Nature Conservation and Nuclear Safety (BMU) through the establishment of limit values.
However, the linkage between failure probabilities and compliance with these limits or a limit
risk remains the task of the safety case (Wagner, 2005).

Orzechowski (2018) presents an approach to reconcile requirements from existing standards
with those related to long-term safety for a repository. The relevant standards are based on
past experiences and consolidate established knowledge in a methodical and structured man-
ner for practical application. However, the fundamentals for designing repositories significantly
deviate from those of existing standards, making their direct transferability uncertain. Two cru-
cial aspects are the extended demonstration period in a repository and the requirement for
maintenance-free operation.

In the relevant standards, the demonstration period for typical structures is on the order of 100
years, during which failure can be reasonably excluded. When this period is extended without
appropriately considering safety measures, the failure probability for structures increases to
an unacceptable level Orzechowski (2018)[ pp. 128, 131]. According to Orzechowski (2018),
simply increasing the resistance values does not address this issue since it would exceed
the magnitude of typical material properties. Furthermore, the problem is exacerbated by the
impracticality of maintenance for the closures in the intended system, which rules out later
inspections and repairs. Orzechowski (2018) concludes that the validity of the design with the
principle of partial safety factors is questionable.

In Miller-Hoeppe et al. (2017), the assertion by Orzechowski (2018) is reassessed. Muiller-
Hoeppe et al. argue that if the potential values for the characteristics during the demonstration
period are known, there is no basis for simply extrapolating the failure probability from the
standards. Such extrapolation relies on a statistical distribution of values that cannot become
arbitrarily large while the applicable laws of nature remain valid. This representation may
be appropriate for continuous processes (e.g., corrosion) due to the varying deterministic
components. However, this statement should be qualified when considering infrequent events
(e.g., earthquakes) (Muller-Hoeppe et al., 2017).

Orzechowski (2018) also introduces a five-step methodology aimed at combining approaches
from standards and long-term safety. In the first step, requirements from both schemes are
initially considered separately. Then, conditions and specifications are derived from the FEPs
relevant for the design in the chosen scenarios. In the second step, these conditions are
compared and supplemented with the requirements from the standards. Subsequently, in step
three, the actual planning process for the barrier is carried out. Step four involves comparing
the properties with the requirements, leading to either confirmation of the construction or,
through iteration, revising the structure or adjusting the basis for the requirements. The fifth
step entails documenting the process.
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In summary, the design of engineered barrier systems in salt geotechnical barriers has reached
a mature state of development. However, designing geotechnical barriers for repositories in
salt formations over a long period of time presents significant challenges and requires a reli-
able and well-documented demonstration of their safety.

Different approaches have been proposed to address these challenges. One approach, as
suggested by Mdiller-Hoeppe and Krone (1999), is based on a semi-probabilistic philosophy
that incorporates safety factors to account for the spatial and temporal variability of the mate-
rials used in the system.

Another approach, advocated by (Wagner, 2005), is a fully probabilistic method. While this
approach provides a more comprehensive assessment of the failure probability and resilience
level of the engineered barrier system, it requires a significant amount of computational effort.

The criticism raised by Orzechowski (2018) regarding the use of safety factors can be disre-
garded by carefully considering the underlying physical and chemical processes governing the
degradation of the building materials. This consideration helps to better determine the nec-
essary safety factors. Additionally, Orzechowski (2018) acknowledges the verification criteria
proposed by Miiller-Hdppe in the ISIBEL project (Buhmann et al., 2008).

Overall, these different approaches and considerations contribute to the ongoing development
and improvement of engineered barrier systems for repositories in salt formations. They will
be further developed in the present report in a broader context of an engineered barrier system
(EBS) centric view of the safety assessment of repositories in salt.
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4, Overview of the methodology

Based on the international methodological standards, the evolution of HLW/SF repositories in
salt formations must be analyzed in terms of a safety case, which means an assessment of
the total system performance (IAEA, 2008). In the USA and Germany, site-specific concepts
have been analyzed for salt domes (Gorleben site) and bedded salt formations—WIPP site
and generic German sites (the KOSINA project, (Bollingerfehr et al., 2018)). Safety and safety
demonstration concept for repositories in salt should take full credit of the favorable properties
of salt formations. This concept is based on the safe containment of radioactive waste in a
specific part of the host rock formation (the containment-providing rock zone — CRZ), which
comprises the geological barrier and the EBS, including the backfill (crushed salt or run-of-
mine salt). The long term safety of the mine excavations will be ensured by the crushed salt.
Crushed salt acquires its sealing capacity through compaction, driven by the convergence
of the host rock. Convergence rate increases with heat produced from radioactive decay and
increases with higher humidity and the water content in the rock. After several thousand years,
it is expected that the crushed salt will reach the same mechanical and hydraulic properties
as undisturbed rock salt. Until this time, the EBS ensures the confinement of the disposed
waste.

The methodology presented in this report was developed within the RANGERS project and
serves as the base for the detailed integrity and performance assessment of the EBS. It sum-
marizes the main aspects to consider during the design, the integrity assessment of the EBS,
and the treatment of the EBS in the integrated total performance assessment. It comprises
elements of the regulatory framework from which a safety concept is developed for a given
geological site. This is the basis for the development of a repository concept and a sealing
concept for the selected geological site. The evolution of the resulting repository system can
be analyzed by utilizing a standardized FEP catalog that describes all features characterizing
the system and all processes and events occurring during future evolution. The abstraction of
the developed scenarios into modeling cases are the basis for the numerical based integrity
assessment and performance assessment (Kuhlman et al., 2024).

4.1 VSG concept for integrity assessment

Maintaining the integrity of the repository system must be demonstrated for the reference sce-
nario, the most probable evolution of the repository, as per EndISiAnfV (2020). Less probable
variant scenarios should be considered within the framework of the radiological long-term
assessment, according to EndISiAnfV (2020). Any alteration of the barrier effect must then
be taken into account in the radiological consequence analysis. The proposed methodology
extends this requirement to the integrity assessment of the repository system. This is be-
cause the analysis of alternative scenarios provides essential insights into the robustness of
the repository system and can be used to optimize it (i.e., considering role of different safety
functions). This has been already acknowledged in integrity analysis methodology adopted in
the preliminary safety assessment of the Gorleben site (Beuth et al., 2012). This methodology
formally comprises two parts:

* Integrity demonstration: The integrity analysis for the reference scenario.
* Integrity evaluation: The integrity analysis for less likely repository evolutions.
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Figure 4.-1 illustrates a process diagram for the integrity analysis. In practice, the two parts
of the integrity analysis are indistinguishable. They differ only in the consequences resulting
from their analysis. The results of the integrity evaluation are further used in the analyses for
the radiological long-term assessment and for determining the robustness of the repository
system, while the results of the integrity demonstration analyses flow directly into the evalua-
tion of whether the repository is meeting its ultimate objective of confining radioactive waste
over the verification period. In the event that the integrity demonstration for the likely scenar-
ios cannot be established, the safety requirements are not met. Then the repository concept
and/or the site selection must be reexamined (Kock et al., 2012; Beuth et al., 2012).

The application of this approach in the proposed methodology allows a bifurcation in the pro-
cess chain to assess the integrity of the EBS by examining in one branch the integrity demon-
stration for the reference scenario and in another branch, the integrity evaluation is carried
out in closed interaction with the integrated performance and radiological assessment of the
repository system. This step is carried out by means of comprehensive and specific numeri-
cal analyses of the behavior of the EBS under thermal-hydrological-mechanical and chemical
(THMC) conditions. The link between the two types of assessment plays a key role in the
optimization of the EBS.

Systematic approach

[ Scenarios
| expected alternative |
l_ evolution evolutions

e

Geological and geotechnical barriers

Integrity Integrity
demonstration evaluation

1 |
i

Il Radiological consequence analysis ‘
I

v

|
]
’ Optimization of repository concept

Figure 4.-1: VSG concept for integrity assessment of geological and geotechnical barriers
extract from Beuth et al. (2012).
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4.2 Methodology for integrity and performance assessment of the EBS

Figure 4.-2 gives an overview of the proposed methodology using the birfucation inspired by
the VSG philosophy.

.. Bl ondFeguiievenee: 2 . . i
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: Regulatory Framework Safety Concept Geological Site :
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___________________________________ I—_________________________________J
| Repository Concept |
!
| Sealing Concept |
| FEP Analysis |
!
Total System Evolution (Scenario)
Load Combinations derived from FEPs Modelling of Processes derived from FEPs
| I
Integrity Demonstration of the Engineered Integrity Evaluation of the Engineered
Barrier System Barrier System
Assessment of Radiological Impact on the Biosphere and Humans

Figure 4.-2: RANGERS methodology diagram for the design, integrity and performance of the
engineered barrier system (EBS) in a salt repository.

4.2.1 Basics and requirements

The methodology begins with the regulatory framework, which establishes the foundational
requirements for constructing a repository. From this framework, a safety concept is devel-
oped, serving as the cornerstone for the design of the repository system, where radioactive
waste will be securely confined. The safety concept articulates, through detailed explanations
and structured arguments, how the interplay of natural conditions, engineered measures, and
dynamic processes collectively ensures safety in the technical sense (Ménig et al., 2012). It
embodies the overarching strategy to achieve the key objectives of concentration, isolation,
and secure confinement of radioactive waste (BGE, 2022b).

The geological conditions at the site form critical boundary conditions for the repository and
play a key role in defining the mine layout. The dimensions, thickness, and geomechanical
properties of the rock formation directly influence the selection of the emplacement concept
and the positioning of emplacement areas, access drifts, and other subsurface infrastructure
such as utility and operational facilities.
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422 Repository and sealing concept

The repository concept, as a technical component, is significantly influenced by the charac-
teristics of the waste form and the selection of waste packages, as well as the corresponding
emplacement method. Various emplacement concepts are available, including vertical or hor-
izontal borehole disposal and drift disposal. Operational factors, such as whether shielded or
unshielded waste packages are used, further impact this decision. Understanding the waste
package design and the basic requirements for emplacement drifts or boreholes enables the
precise selection of equipment and the design of drift geometry and lengths. A well-developed
repository concept should also outline the necessary equipment and processes for excavation,
emplacement, and other key operational activities.

The sealing concept encompasses the conceptual design of the geotechnical barriers or the
Engineered Barrier System (EBS). It specifies the intended functions of these barriers and
defines the timeframes over which these functions are required to ensure the safe containment
of radioactive waste.

423 FEPs and scenario development

A comprehensive description of the repository system forms the foundation for conducting a
robust long-term safety assessment. An internationally recognized tool for this purpose is the
development of a Features, Events, and Processes (FEP) catalogue. The primary goal of the
FEP catalogue is to characterize the initial state (features) of the repository system and to
identify events and processes that may influence its future evolution. This tool not only fulfills
the requirements for demonstrating long-term safety (e.g., through scenario development) but
also enhances the clarity and traceability of evaluations, which are critical for gaining public
acceptance.

The FEP catalogue outlines the key features that define the repository system, as well as
the events and processes that are likely to occur during its future evolution. The interactions
between features, events, and processes are systematically described in the form of scenar-
ios. These scenarios are developed based on information from the FEP catalogue and are
designed to account for uncertainties in predicting the repository system’s future evolution.

Since future system evolution cannot be precisely predicted, a spectrum of potential future
scenarios must be identified to address these uncertainties. FEPs within the catalogue are
categorized according to their probability of occurrence. The combination of probable and
expected FEPs forms the basis for an expected reference scenario, which represents the
most likely evolution of the repository system. However, other potential evolutions cannot be
excluded. For example, deviations in hydrochemistry could accelerate the corrosion of EBS
components, potentially leading to the failure of one or more barriers.

Scenario development represents the next critical step in this process and will serve as the
foundation for the integrated performance assessment of the repository system. By system-
atically identifying and categorizing FEPs and their interactions, the FEP catalogue ensures
that the repository system is evaluated comprehensively, transparently, and in a manner that
addresses both safety and public confidence.

To verify the performance of the Engineered Barrier System (EBS), it is crucial to identify the
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processes that may impair its function during the evolution of the repository system and to
evaluate its long-term integrity under expected future boundary conditions. The focus should
be on identifying and assessing the most relevant processes occurring in the near-field of
the barriers, where interactions are most critical. To achieve this, subsystem-specific FEP
(Features, Events, and Processes) lists and scenarios must be developed and systematically
evaluated. Additionally, it is essential to account for the interactions between the near-field
and the far-field to fully understand the loads acting on the EBS.

Within the framework of a numerical-based safety demonstration concept, these subsystem-
specific FEPs are aggregated into scenarios and translated into numerical models. These
models allow for direct consideration of the specific processes and coupled phenomena asso-
ciated with the FEPs. The more FEPs that are integrated into a numerical model, the closer
the model will align with the realistic evolution of the repository system. However, due to the
current technical limitations of numerical modeling tools, it is often necessary to use multiple
models to adequately account for all FEPs and their interactions with the EBS.

This systematic approach ensures that the numerical simulations provide a robust basis for
assessing the EBS’s performance and verifying its ability to maintain its intended functions
over the repository’s operational and post-closure phases.

424 Integrity demonstration

The integrity demonstration of the EBS focuses on the sealing function and consists of sev-
eral specific lines of evidence. It includes for sealing function the hydraulic resistances of the
EBS, contact zone, and excavation disturbed zone (EDZ). Evaluation of the structural integrity
of EBS includes the structural stability, crack limitation, deformation limitation, (if applicable)
filtration stability, and chemical/ mineralogical long-term stability. Because the EBS is an engi-
neered structure, the procedure for the design and integrity demonstration of the EBS can rely
on adequate regulations or recommendations in engineering. In Germany, the EBS is seen
as structures of civil engineering and their adequate design has to be verified by a technical
functional proof in accordance with EUROCODE (national implementation by DIN-EN-1997-1
(DIN EN 1997, 2014), DIN-EN-1990 (DIN EN 1990, 2010)) (Mller-Hoeppe et al., 2012b,a).
In the USA, the national engineering code requirements such as (ACI 318-14, 2014) for struc-
tural Concrete can be considered for the design of the EBS in compliance with other state
specific regulations. The aim is to verify the required level of reliability of EBS construction.

The methodological approach bases on the concept of ultimate limit states in combination with
the partial safety factor method. Therefore, the quantitative values of actions (i.e., impacts) or
loads that may impair a structure’s safety function are compared with the value of the structure-
specific load resistances. With regard to construction integrity it is necessary that the load
resistance is higher than the impacts. If the ultimate limit state is exceeded, the construction
fails. For geotechnical barriers, ultimate limit states (e.g. cracking and deformation) can be
described by crack limits (e.g., material specific fracture strength and dilatancy), deformation
limits (e.g., volume and shear deformations) and tension limits (e.g., fluid pressure criterion).

The objective of the partial safety factor method is to cover uncertainties, for example, vari-
ations of representative values and modeling inaccuracies. For application of this method
the values of the impacts or loads and the load resistances are multiplied by safety factors.
The load resistances depend on construction material properties and the outline design of the
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EBS. The load resistances and the ultimate limit states are specific for a selected EBS design.

The EBS will be dimensioned according to technical regulations although their functional life-
time exceeds the usual functional lifetime of conventional structures in civil engineering (50 to
100 y) significantly. In order to extend the verification far beyond the conventional time of the
engineering structure, one can rely on materials with proven long-term stability that can be
demonstrated by natural analogues. It is also important to take into account the corrosion and
alteration of the geomaterials in the design and verification process. Therefore, the chem-
ical/mineralogical long-term stability of the EBS in contact with corrosive infiltrating waters
must also be shown.

In the same way hydraulic resistance of the EBS can be verified. For the integrity assessment,
the contact zone to the surrounding rock as well as the excavation damaged zone have to be
considered beside the constructed barrier itself.

425 Integrity evaluation

The integrity evaluation of the EBS focuses on the hydraulic evolution of the EBS for the alter-
native scenarios identified that affect the EBS. During this analysis, the EBS sealing function
under altered conditions is analyzed and metrics can be derived from this analyses to optimize
the EBS and to increase its robustness. For the integrity evaluation, no mechanical analyses
are considered. This is the scope of the integrity demonstration. The integrity evaluation is
intrinsically connected with the integrated performance assessment of the repository because
the process involved in the alternative scenarios affect the radiological evolution of the repos-
itory system. Depending on the modeling approach, the integrity evaluation can be treated in
the scope of the performance assessment of the repository system. These two assessments
are therefore combined in the proposed methodology.

The integrity evaluation and performance assessment are intrinsically linked. While integrity
demonstration focuses on meeting regulatory safety requirements, integrity evaluation pro-
vides insights into optimizing the EBS’s robustness. This dual approach ensures that the
repository system not only meets immediate safety standards but also remains resilient against
uncertainties.

4.2.6 Summary

The methodology developed within the RANGERS project provides a framework for assess-
ing the integrity and performance of the Engineered Barrier System, optimizing repository
designs, and ensuring the long-term safety of high-level radioactive waste (HLW) disposal in
salt repositories. It integrates key elements, including regulatory requirements, safety con-
cepts, geological conditions, and repository design, into a cohesive approach for evaluating
the performance of the EBS and its role in isolating radioactive waste. The components of the
proposed methodology will be described in the following chapters.
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5. Prerequisites
5.1 Regulatory framework

The national statutory and sub-statutory regulations establish the essential framework for the
disposal of radioactive waste.

In Germany, these include, among others, the Atomic Energy Act (AtG 10), the Radiation
Protection Ordinance (STV 08), and the Federal Mining Act (BBG 09) with its associated Fed-
eral Mining Ordinance (ABV 09) and especially the The StandAG, or Standortauswahlgesetz,
which is the German law on the selection of repository sites for the disposal of radioactive
waste (StandAG (2023)).

The StandAG (2023) empowers the Federal Ministry for the Environment, Nature Conser-
vation and Nuclear Safety (BMUV) to establish safety requirements for final disposal (§ 26(3)
StandAG) and requirements for conducting preliminary safety investigations (§ 27(6) StandAG)
through regulations based on these safety principles. Based on these authorizations, the
"Regulation on Safety Requirements and Preliminary Safety Investigations for the Final Dis-
posal of High-Level Radioactive Waste" was published in October 2020. It includes the "Reg-
ulation on Safety Requirements for the Final Disposal of High-Level Radioactive Waste" (End-
lagersicherheitsanforderungsverordnung — EndISiAnfV) (EndISiAnfV, 2020) and the regulation
on requirements for conducting preliminary safety investigations in the site selection process
for the final disposal of high-level radioactive waste (Regulation on Preliminary Safety Investi-
gations for Final Disposal - EndISiUntV)(EndISiUntV, 2020) (BGE, 2022a).

Additionally, the relevant international recommendations from the International Commission
on Radiological Protection (ICRP), the International Atomic Energy Agency (IAEA) (2011),
and the OECD Nuclear Energy Agency (2004) must also be considered, especially in terms
of providing supplementary or detailed guidance to the national regulations. The International
Atomic Energy Agency (IAEA) (2011) has been formulated for all types of repositories, includ-
ing near-surface ones. More specific requirements for a deep geological repository can be
found in International Atomic Energy Agency (IAEA) (2006) (Mdnig et al., 2012).

In the US, the safety standards and regulations play a crucial role in evaluating the safety
of a conceptual geologic repository for high-level radioactive waste (HLW) and spent nuclear
fuel (SNF) managed by the US Department of Energy (DOE). The specific regulations from
the US Environmental Protection Agency (EPA) and the US Nuclear Regulatory Commission
(NRC), namely 40 CFR 197 (U.S. Environmental Protection Agency, 2001) and 10 CFR 63
(U.S. Nuclear Regulatory Commission, 2001) for Yucca Mountain, are not applicable to a sep-
arate DOE HLW/SNF repository. However, the existing EPA and NRC regulations for geologic
repositories still remain in effect, as outlined in 40 CFR 191 (U.S. Environmental Protection
Agency, 1985) and 10 CFR 60 (U.S. Nuclear Regulatory Commission, 1983), which govern
the disposal of high-level radioactive waste (MacKinnon et al., 2012).

Nevertheless, these existing regulations may be replaced for a future DOE HLW/SNF reposi-
tory (they were developed almost 30 years ago), to enhance consistency with the more con-
temporary approach to regulating geologic repositories, which emphasizes a risk-informed,
performance-based methodology in U.S. Nuclear Regulatory Commission (2004), similar to
the site-specific regulations for Yucca Mountain. Despite the uncertainty surrounding specific
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future safety standards, a robust safety case can still be constructed based on the existing
standards (40 CFR 191 and 10 CFR 60) or on generic standards that incorporate internation-
ally recognized dose or risk metrics important for establishing repository safety (MacKinnon
etal.,, 2012) .

If the DOE decides to pursue the development of a deep geologic repository for DOE-managed
HLW and SNF, additional requirements, such as those outlined in the National Environmental
Policy Act (NEPA) (U.S. Congress, 1969) and 40 CFR 1500-1508 (Council on Environmental
Quality, 1978), would need to be fulfilled. An Environmental Impact Statement (EIS) (US De-
partment of Energy, 1980) mandated by NEPA for any future new repository in the Delaware
Basin could potentially leverage the EIS prepared for the Waste Isolation Pilot Plant (WIPP)
(U.S. Department of Energy (DOE), 1997) and the technical foundation established in the
present study (MacKinnon et al., 2012).

Lastly, the WIPP Land Withdrawal Act, Public Law 102-579 (U.S. Congress, 1992) as amended
by Public Law 104-201, Section 12 (U.S. Congress, 1996), prohibits the disposal of HLW or
SNF at the WIPP site (only defense-generated transuranic waste is licensed for disposal at
WIPP). However, the extensive presence of Salado bedded salts in the Delaware Basin of
southeast New Mexico and western Texas suggests that much of the technical basis devel-
oped for the WIPP site could be applied to other potential salt repository sites in the same
region (MacKinnon et al., 2012).

5.2 Safety concept

The safety concept describes, through verbal and argumentative means, how the combina-
tion of natural conditions, technical measures, and ongoing processes collectively contribute
to achieving safety in the technical sense (Mdnig et al., 2012). It reflects the fundamental
strategy to achieve the goals of concentration, isolation, and secure confinement of radioac-
tive waste (BGE, 2022b).

In Germany, the basis for the development of a safety concept within the framework of the
licensing documents is anchored in the StandAG where the fundamental safety requirements
are defined. It is given as:

« The radioactive and other pollutants in the waste must be concentrated and
securely contained within a confinement-providing rock zone or, in accor-
dance with § 23 (1) in conjunction with (4), within these barriers mainly based
on technical and geotechnical barriers, with the aim of keeping these sub-
stances away from the biosphere. For a period of one million years, it must
be ensured, with regard to the protection of humans and, to the extent it
concerns the long-term protection of human health, the environment, that
exposures due to releases of radioactive substances from the repository are
negligible compared to natural radiation exposure.

* It must be ensured that the impacts of final disposal on humans and the
environment abroad are no greater than permissible in the country.

It must be ensured that, during the operational phase, the possibility of re-
trieval of the emplaced waste exists, and that sufficient provisions are made
for potential recovery of the waste for a period of 500 years after the intended
closure of the repository.
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» The repository must be designed and operated in such a way that no in-
terventions or maintenance work are required for reliable long-term contain-
ment of the radioactive waste in the post-closure phase.”

The EndISiAnfV elaborates on these fundamental requirements outlined in the StandAG and
specifies the requirements for formulating a safety concept. Section § 10 of the EndISiAnfV
states:

(1) In a safety concept, it must be demonstrated how the objective of con-
centrating and securely containing the radioactive waste according to § 4
paragraph 1 is to be achieved. The entire repository system, including its
construction, operation, decommissioning, and the assessment period, must
be taken into account.

(2) The expected developments of the repository system during the assess-
ment period form the basis for the development of the safety concept. Devi-
ating developments must be considered.

(3) The safety concept must consider the results of the comprehensive pre-
liminary safety investigation according to § 18 paragraph 1 sentence 2 of the
Site Selection Act. In particular, changes compared to the preliminary safety
concept based on the comprehensive preliminary safety investigation must
be indicated and justified.

(4) It must be demonstrated that the optimization of the safety concept ac-
cording to § 12 paragraph 2 has been completed.

(5) The safety concept must include a representation of all planned barriers
of the repository system, in particular the essential barriers according to § 4
paragraph 3, their respective safety functions, and their interaction. The rep-
resentation must also include a closure concept for sealing cavities that have
been loaded with radioactive waste. It must be shown that the safety func-
tions of the repository system and its barriers are insensitive to internal and
external influences and disturbances, and that the behavior of the barriers is
well predictable.

» (6) The safety concept must also include: 1. a schedule for the construc-
tion, operation, and decommissioning of the repository, demonstrating how
the safety of the repository according to § 17 can be ensured and how the
radioactive waste can be maintained in a safe condition, 2. a representation
of the measures ensuring the retrievability of the emplaced radioactive waste
until the start of decommissioning according to § 13, and 3. a representation
of the provisions made to enable the recovery of the emplaced radioactive
waste according to § 14.

* (7) The safety concept must take into account measures necessary until the
completion of decommissioning, 1. to ensure the necessary protection of the
repository from interference and other influences by third parties, and 2. for
the monitoring of nuclear material.

BGE (2022a) as the implementer in Germany summarizes the basic safety requirements for
a repository system regulated in the StandAG and the EndISiAnfV as follows:
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» The assessment period is one million years from the intended closure of the
repository” (§ 3 (1) EndISiAnfV).

» Future developments of the repository system and the geological situation
at the repository site must be considered during the assessment period (§ 3
(2) EndISiAnfV).

« The intended repository system must ensure the secure containment of ra-
dioactive waste passively and maintenance-free through a robust, tiered sys-
tem of various barriers with different safety functions” (§ 4 (2) EndISiAnfV).

 All underground cavities must be excavated in a geologically benign manner
and subsequently closed in a way that preserves the relevant properties of
the barriers necessary for the secure containment of radioactive waste (§ 9
(2) EndISiAnfV), and they must be limited to an unavoidable extent (§ 11 (4)
EndISiAnfV).

» The preliminary safety investigations must comply with the state of science
and technology (§ 27 (2) StandAG).

« The disposal casks emplaced in the repository must be retrievable until the
start of decommissioning of the repository (§ 13 (1) EndISiAnfV).

« Sufficient provisions must be made to enable the recovery of the emplaced
repository packages during decommissioning and for a period of 500 years
after the intended closure of the repository (§ 14 (1) EndISiAn{V).

* Regarding operational safety, the operation must have been successfully
tested in advance (§ 16 (1) EndISiAnfV), and the relevant plant conditions
for

Furthermore, the following safety requirements exist regarding the achievement of the protec-
tion objectives of concentration and secure containment, as well as exposure. These require-
ments are to be examined based on criteria specified in the EndISiAnfV and in the long-term
safety analysis (BGE, 2022a):

» Compliance with limits regarding the mass and quantity of substances re-
leased from the essential barriers of the repository system (§ 4(5) Endl-
SiAnfV).

» Demonstration of the integrity and robustness of the essential barriers, as
well as the robustness of additional barriers (§§ 5 and 6 EndISiAnfV).

 Estimation of radiation dose values throughout the assessment period (§ 7
EndISiAnfV).

 Prevention of self-sustaining chain reactions (§ 8 EndISiAnfV).

In order to ensure compliance with the aforementioned safety requirements, it is necessary to
formulate measures within the repository concept, sealing concept, and verification concept.
Within the scope of the VSG project, various measures pertaining to the sealing concept have
been developed. Although these measures were initially based on outdated safety require-
ments of the BMU (BMU, 2010), they remain partially valid for the new safety requirements
of the EndISiAnfV. These measures provide the framework for the development of the sealing
concept and will be presented in the relevant section dedicated to the sealing concept.
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5.3 Geological site

The geological conditions of the site form the primary constraints for the repository and the
delineation of the mine layout. Both Germany and the United States are in the nascent phases
of their site selection procedures (MacKinnon et al., 2012; BGE, 2022b), indicating that there
is not a specific site or rock type under specific scrutiny that could guide the further elabora-
tion of the repository concept. During the site selection phase, preliminary site explorations,
encompassing deep drilling or mining excavation, will yield an array of technical data such
as geological, hydrological, geochemical, geophysical, and thermal-mechanical data from the
potential sites (MacKinnon et al., 2012; BGE, 2022b).

At this stage, one leans on prior research projects to comprehend the characteristics of the salt
geological formations. From the available geological exploration data available in Germany, a
representative overall geological situation with a synthesized sequence of layers was created
for the generic considerations in the KOSINA project (Volkner et al., 2017a). This will serve to
illustrate the proposed methodology.

5.3.1 Salt formations in USA

The main historical survey and nation-wide inventories of salt formations in the contiguous
United States was conducted in the 1960s (Pierce and Rich, 1962) and 1970s (Johnson and
Gonzales, 1978). These efforts started with high-level studies of the regions with bedded and
domal salt formations at appropriate depths for a radioactive waste repository (Figure 5.-1). It
was noted that salt deposits are "widely distributed" in 24 of the 50 states (Pierce and Rich,
1962).
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Figure 5.-1: Map of bedded and domal salt deposits in the United States. (Kuhlman et al.,
2012; Johnson and Gonzales, 1978).
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These studies were done in response to initial investigations by the US National Academy of
Sciences into the concept of radioactive waste disposal that indicated disposal in salt forma-
tions would likely be feasible and would be worth pursuing further investigations (Hess et al.,

2057; Lomenick, 1996).

There have been several more detailed historical investigations into locations for disposal in
salt, including bedded and domal salt sites (see red stars in Figure 5.-1). The bedded salt
of the Permian Basin underlies several states (New Mexico, Texas, Oklahoma, Colorado, and
Kansas — Figure 5.-2), and has been the subject of three separate salt repository investiga-

tions (Kuhlman et al., 2012).
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Figure 5.-2: Distribution of sub-basins within larger Permian Basin (Johnson and Gonzales,
1978).

In in the 1960s in Lyons Kansas (Figure 5.-2), Project Salt Vault (Bradshaw and McClain,
1971) utilized a bedded salt mine as an underground research laboratory, with the initial ex-
pectation that the facility could be used for disposal after the initial investigation. Due to local
opposition to the project and unanswered questions about solution mining activities in the
area, the investigation moved on to salt sites elsewhere (Lomenick, 1996).

By the mid-1970s, the site selection process then turned its focus to bedded salt of the
Delaware basin (Figure 5.-2) in southeastern New Mexico (Kuhlman et al., 2012). After the ini-
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tial site investigation into the Salado formation with boreholes in the late 1970s (Powers et al.,
1978), the first excavations that would become WIPP began in the early 1980s (US Depart-
ment of Energy, 1980). During construction, the licensing process was still being finalized,
and the details of the exact mission for the WIPP site continued to change until the Land
Withdrawal Act (U.S. Congress, 1992, 1996) (no spent fuel or high-level waste at WIPP, only
defense-generated transuranic waste). After approval form the US EPA and New Mexico Envi-
ronment Department (NMED), WIPP accepted its first shipment of transuranic waste in 1999.

A series of drif-scale thermal/mechanical demonstration experiments were conducted at WIPP
(Matalucci, 1987) for a future salt-based site for heat-generating waste, which located in bed-
ded salt of Palo Duro Basin (Figure 5.-2) in Deaf Smith County, Texas Office of Civilian Ra-
dioactive Waste Management (1988). This site was investigated from the surface through
boreholes, but was abandoned by 1987 when Yucca Mountain was picked by law to be the
final destination for high-level waste and spent fuel in the United States (Lomenick, 1996).

From the late 1970s into the 1980s, underground research laboratory experiments relevant
to radioactive waste disposal were conducted in a mine at the salt dome at Avery lIsland,
Louisiana (Van Sambeek et al., 1980; Kuhiman et al., 2012). This location was never seriously
considered for disposal, but is characteristic of the numerous salt domes in the US Gulf Coast,
which evolved in a manner characterized by Figure 5.-3.
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Figure 5.-3: Evolution of domal salt in the US Gulf Coast Johnson and Gonzales (1978).

Additional investigations were performed in other sedimentary basins (e.g., Michigan, Ap-
palachian, and Williston basins — Figure 5.-1), but no significant site characterization activities
were performed related to radioactive waste disposal (Lomenick, 1996). Other salt domes
in the Gulf Coast and a salt anticline (i.e., Paradox Basin) were briefly investigated, but no
significant site activities were conducted.
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5.3.2 Salt formations in Germany

The enactment of the Site Selection Act (StandAG, 2023) in 2013 marked the restart of Ger-
many’s search for a suitable site for a high-level radioactive waste repository. In accordance
with § 13 StandAG and the objectives outlined in § 1 (3) StandAG, the Federal Company for
Radioactive Waste Disposal (BGE) is considering three potential host rock types: rock salt,
claystone, and crystalline rock.

During the first step of Phase 1 in the site selection process, BGE identified sub-areas across
Germany with favorable geological conditions for hosting a high-level waste repository within
one of the three host rock types. This assessment resulted in 90 sub-areas, covering approx-
imately 54% of Germany’s land area.

In the second step of Phase 1, BGE is conducting representative preliminary safety analyses
for each of these 90 sub-areas to evaluate and refine the selection of suitable regions for
further exploration in Phases 2 and 3. As part of this phase, and in compliance with § 6
(4) EndISiUntV (EndISiUntV, 2020), a preliminary repository design is being developed. This
design must define key aspects, including a description of essential barriers in accordance
with § 4 (3) EndISiAnfV (EndISiAnfV, 2020), their fundamental characteristics, spatial extent,
and other repository system components, such as potential sealing and backfill measures.

In this project, we do not consider Phase 1 of the Site Selection Act, as it is already being
implemented by BGE. Instead, our focus is on providing insights that are more relevant for
the later phases of the site selection process. Rather than concentrating on a specific site,
we present a comprehensive overview of salt formations in Germany. From this analysis, we
introduce a generic model, which serves as the basis for illustrating the proposed methodology
within this project.

Salt formations are composed of sequences of sedimentary rocks that form through the re-
peated evaporation of water in ocean basins under arid climatic conditions. Initially, fine clastic
sediments settled on the basin floor. As salinity increased, carbonates were deposited, fol-
lowed by sulfates, and finally chlorides, which precipitated and accumulated at the bottom.
The repetition of this cycle resulted in the formation of layered salt deposits, with combined
thicknesses reaching up to several hundred meters (Figure 5.-4,a).

Due to the relatively low density of salt and its ability to deform plastically (creep), older and
more mobile salt layers in some cases began migrating upward toward the surface. Con-
currently, salt from surrounding areas moved laterally toward the center, resulting in thicker
accumulations of salt with increased geological complexity, known as salt pillows (Figure 5.-
4,b). This upward migration stretched and thinned the overlying sedimentary layers.

As uplift continued and the deposit evolved, the flanks of the salt became steeper, eventu-
ally rupturing the overlying sediment layers. This process culminated in the formation of salt
domes (Figure 5.-4,c). These features often exhibit significant micro-folding within the salt
layers, contributing to their complex geological structure.

In Germany, rock salt has been deposited in several sequences, forming distinct lithostrati-

graphic groups. From oldest to youngest, these groups are: Rotliegend, Zechstein, R6ét,
Muschelkalk, Keuper, Malm, and Tertiary. Among these, only the Zechstein-Salinar and, in
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Figure 5.-4: a. Schematic diagram of a flat bedded salt after Vélkner et al. (2017a), b.
Schematic diagram of a salt pillow after Vélkner et al. (2017a) and c. Schematic diagram
of a salt dome after Klinge et al. (2007).

specific cases, the Malm-Salinar are considered potentially suitable for hosting a repository,
based on regulatory requirements (Reinhold et al., 2014). The Malm-Salinar, consisting of in-
terbedded salt, clay, and anhydrite layers, occurs in highly localized successions. This neces-
sitates further investigation to define its boundaries before generic models can be developed
(Reinhold et al., 2014).

The InSpEE project, which explored the distribution and geological properties of salt structures
in Germany (von Goerne et al., 2016), highlighted that the genesis of pillow salt structures is
primarily influenced by rock salt deposits from a single stratigraphic unit, such as the Zech-
stein. In rare cases, two evaporitic sequences of different ages may contribute to the formation
of salt pillows, but in Germany, such structures typically occur at depths exceeding 2,000 me-
ters below sea level (Gast and Riesenberg, 2016; Pollok et al., 2016). Consequently, the
Zechstein-Salinar is the focus of this study and has been converted into a generic geological
model.
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The Zechstein-Salinar is stratified into seven formations, listed from bottom to top: Werra,
Stassfurt, Leine, Aller, Ohre, Friesland, and Fulda. The Werra, Stassfurt, and Leine forma-
tions are generally the thickest, while the others accumulate only a few tens of meters in
thickness. Each formation begins with basal fine clastic sedimentation, followed by carbon-
ates and evaporites. The evaporite sequence follows the typical order of precipitation: from
the bottom up, anhydrite, rock salt, potash, and magnesia salts. Local geological conditions
cause significant variations in the thickness of each layer.

In the southern part of the former North German Basin, the base of the rock salt layers begins
at depths of several hundred meters, reaching more than 5,000 meters at the basin’s center.
Favorable deposition zones for repository development are primarily located in the southern
regions of the North German Basin. The most promising basins are shown in Figure 5.-5.
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Figure 5.-5: Schematic distribution of Zechstein salt formations in Germany, modified after
Reinhold et al. (2014).

5.3.3 Description of a generic salt pillow geological model

As Germany has not yet selected a specific geological site for final waste disposal, this case
study uses a generalized dataset representing a salt pillow. This dataset captures the fun-
damental properties of the most promising basins for repository development. While the ge-
ological settings between individual sites in these regions vary, their shared deposition and
formation processes enable their behavior to be described using a generic geological model.
Such a model reflects the key characteristics of multiple potential sites, facilitating the appli-
cation of standardized technical measures.

To create the generic geology, the real lithology of reference areas (Reinhold et al., 2014) was
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used as the basis for deriving a synthetic sequence of layers for the Stassfurt (z2) and Leine
(z3) formations within the Zechstein evaporites (VOlkner et al., 2017a). Additional regional-
geological information on the sedimentary sequence was incorporated to define the underly-
ing rock layers and the overlying sediments above the Leine Formation (Bollingerfehr et al.,
2018). Using this approach, a total of 18 regionally well-characterized lithostratigraphic units,
abbreviated with lowercase letters and numbers, were defined.

To optimize computational efficiency for the generic 3D geological model, these 18 lithostrati-
graphic units were grouped based on similar geomechanical properties into 12 homogeneous
zones, abbreviated with uppercase letters and numbers.

Figure 5.-6 illustrates the lithostratigraphic units and their corresponding homogeneous zones
as derived from the KOSINA project (Bollingerfehr et al., 2018). These layers form the litho-
logical structure of the salt pillow and serve as the foundation for the generic geological model
used in this study.

Following, a literature review of homogeneous geological salt layers including appropriate
constitutive models as well as thermal, mechanical and hydraulic parameters of geological
homogeneous layers was conducted in KOSINA (Liu et al., 2017) to provide the model input
data. Table 5.-1 summarizes material parameters used for the numerical model calculations
for the bedded salt formations, the overburden and the basement rocks.

In the thermo-mechanical calculations, the lithostatic pressure gradient for all layers is set to

0.022 MN/m? and the thermal conductivity for the salt formations excluding potash seam and
main anhydrite is a parameter dependent on temperature (Bollingerfehr et al., 2018).

Table 5.-1: Model parameters of homogeneous zones after Liu et al. (2017)

Homogeneous zones Symbol p A Cp a (1/K) E(GPa) v ()
(kg/m®)  (W/(m-K)) (J/(kg - K))
Quaternary Q 2000 2.3 950 1.0-107° 0.1 0.33
Tertiary T 2100 21 905 1.0-107°% 05 0.33
Bunter S 2500 2.6 760 1.0107° 15 0.27
Aller rock salt NA4 2235 5.2 860 4.0-107° 25 0.27
Anhydritmittelsalz AM3 2275 5.0 860 3.51107° 30 0.27
Potash seam Ronnenberg K3 1850 1.5 903 251075 16 0.26
Leine rock salt NA3 2160 5.2 860 4.0-107° 25 0.25
Main anhydrite A3 2700 4.2 860 1.6:107° 60 0.25
Potash seam StafBfurt K2 1850 1.5 903 251075 17 0.28
StaBfurt rock salt NA2 2160 5.2 860 4.0-107° 33 0.25
Anhydrite/carbonate A2/C2 2700 4.2 860 1.6:107° 30 0.27
Underlying red R 2500 2.7 760 1.0107% 17 0.27
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Figure 5.-6: Generalized standard profile of North German salt formation composed of well
charactierizable lithostratigraphic units that are grouped to homogenous layers, after Bollinger-
fehr et al. (2018).

The generic geological model of the salt pillow from the KOSINA project is situated on the
southern crest of the North German Basin. This region is geomorphologically shaped by
ground and end moraines from the Elster and Saale glacial stages, with topography ranging
between 45 and 75 meters above sea level (Vélkner et al., 2017a). To represent a typical set-
ting in this area, the previously defined 18 lithostratigraphic layers were assigned thicknesses
as shown in Figure 5.-7, and the top of the Stassfurt rock salt was given a general dip of 5°
to 7°. Using this information, a 12.5 km long reference profile (AA’) oriented east-west, along
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with three additional north-south profiles (BB’, CC’, and DD’) approximately 10 km in length,
were designed to intersect perpendicularly (Vélkner et al., 2017a).

In these reference profiles, the upper boundary of the Stassfurt rock salt, identified as the
potential repository host layer, lies at depths ranging from 460 to 1,045 meters below ground
level (bgl). With a thickness of 150 to 600 meters, the lower boundary of the Stassfurt rock
salt extends to depths of 670 to 1,220 meters bgl (see Table in Figure 5.-7). The greatest
thickness of the salt pillow occurs at the intersection of profiles AA’ and CC'.

Additionally, it is notable that at the crest of the pillow, the overburden layers have been eroded.
Conversely, toward the ends of the profiles, the overburden thickness increases significantly
(Volkner et al., 2017a). This variability highlights the geological complexity of the salt structure
and its potential implications for repository design and implementation.

Lithostratigraphic | Color
units in the
model

Thickness in
[m]

min I max
75
S0

Figure 5.-7: Thickness of layers and generic geological profiles in the "salt pillow" model
region.

The thickness of the cover rock, comprising the lithostratigraphic units Q, T, sm, and su, varies
significantly across the model area. It ranges from approximately 800 meters in the west to
around 140 meters in the east. The evaporitic host rock, consisting of the Stassfurt, Leine,
Aller, and Ohre formations, reaches a thickness of over 800 meters at the center of the salt
pillow.

No modeling of potentially existing cap rocks atop the salt was undertaken. Instead, the geo-
logical units overlying the z2NA layer in the center of the salt pillow are significantly thinned,
with the Middle Bunter (sm) layer being nearly absent. However, away from the salt pillow, the
sm unit thickens considerably, exceeding 300 meters at the western edge of the model area
(Bollingerfehr et al., 2018).

Within the North German Basin, numerous fault zones are known to exist, with predominant
orientations following NNE-SSW and WNW-ESE to NW-SE directions. However, the model
does not incorporate fault tectonics or salinar tectonics (Baldschun et al., 2001). The char-
acteristics of faults within the pre-saline horizons, as well as the fragmentation of the main
anhydrite into blocks, are not included in the reference profile and are therefore excluded from
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the 3D model derived from the profile (Bollingerfehr et al., 2018).

Table 5.-2: Vertical extension of the StafB3furt rock salt (z2NA) in the reference profile

Parameter Min Max

Depth of top -390 m NN (460 m bgl.) -975 m NN (1,045 m bgl.)
Depth of base  -600 m NN (670 m bgl.) -1,150 m NN (1,220 m bgl.)
Thickness 150 m 600 m

The 3D-modeled area is defined by the length of profile AA’ and the width determined by the
intersecting profiles BB’, CC’, and DD’. Within this 3D model (see Figure 5.-8), the Stassfurt
rock salt sequence, selected as the emplacement horizon, reaches a maximum thickness of
600 meters at its center. However, this thickness diminishes rapidly, decreasing to less than
300 meters toward the edges of the model and thinning further to below 100 meters in the
northeast (NE) and southeast (SE) regions.

The base of the emplacement horizon (z2NA base) lies at a depth of approximately 600 meters
below sea level (bsl) (about 670 meters below ground level (bgl)) in the east and deepens to
over 1,200 meters bsl (more than 1,270 meters bgl) in the northwest (NW). Similarly, the
depth of the top of the emplacement horizon (z2SF base) decreases westward, reaching over
1,000 meters bsl. In the center of the salt pillow, the top of the emplacement horizon lies at a
shallower depth of less than 400 meters bsl.

In all figures, the dashed line marks areas where the thickness of the Stassfurt rock salt

exceeds 300 meters, emphasizing zones with adequate thickness for potential repository em-
placement.
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Figure 5.-8: Thickness (A) and depth maps for base (B) and top (C) of the z2NA model unit in
the “salt pillow” model type (Bollingerfehr et al., 2018).
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6. Repository concept
6.1 Regulatory requirements

In salt, a repository concept has to be developed in accordance with the safety concept and
the safety requirements. The safety requirements to be fullfiled by the repository concept
in Germany have been explicitely addressed in paragraph § 11 of the EndISiAnfV. Those
requirements are (EndISiAnfV, 2020, p. 7-8):

The technical design of the final repository must be derived and optimized
from the safety concept.

« It must be demonstrated that the optimization of the design of the final repos-
itory according to § 12 paragraph 2 of the EndISiAnfV is complete.

« [...] all results from the exploration of the final repository site, particularly the
geological findings from the underground exploration, including their uncer-
tainties and their relevance for the safety and robustness of the final reposi-
tory system, must be taken into account.

 The violation of the geological formation and the containment-providing rock
zone (CRZ) with shafts, excavations or drillings, must be restricted to the
unavoidable extent for the safe construction, safe operation, and safe closure
of the final repository.

* For all intended technical components of the final repository, the conditions
for safe operation must be documented, justified, and taken into account in
the design of the final repository.

§ 11 of the EndISiAnfV also requires that the repository concept should include the definition
of the essential barriers as per § 4 paragraph 3 of EndISiAnfV. It should include the loca-
tion and dimensions of the CRZ. Additionally, the definition of the further barriers of the final
repository system, taking into account the final repository packages, emplacement technol-
ogy, and emplacement geometry, should be defined. The positioning and technical execution
of all underground cavities, particularly areas intended for the emplacement of final repos-
itory packages, as well as all surface accesses, should be clarified. The specifications of
the installations and machines used for handling the final waste packages must be detailed.
An emplacement concept, particularly the arrangement and handling and control of the final
repository packages, should be developed. Measures to ensure the retrievability of already
emplaced final repository packages and the decommissioning measures including the closure
measures, should be planned and implemented.

Additionally, design requirements and technical measures have been defined that altogether
will ensure compliance with the objectives of the safety concept. The following requirements
are related to the site selection procedure (StandAG, 2023):

» The construction of the repository will be done in a stable geologic region with charac-
teristics that are well predictable for the demonstration period, e.g. no active fracture
zones, no relevant seismic activity, very low salt diapirism and resulting subrosion.
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» The disposal fields will be located at a depth that excludes any natural impairment of

the CRZ from the surface, e.g. erosion of glacial channels. So, for northern Germany, a
depth between 600 m and 800 m below sea level has been pursued.

» The thickness of the CRZ has to be 100 m at minimum.

» Due to the extremely low permeability of the undisturbed salt rock there is no relevant

groundwater flow. Therefore the mass transport of radionuclides by advection will be
comparable to that by diffusion.

For mine construction / operation the following requirements are defined:

The mine workings of the repository are completely surrounded by host rock.

The construction of disposal fields will be in a well-characterized salt formation with very
low humidity and high plasticity (high creeping rates).

The void volume to be excavated for the mine will be minimized, and excavation will be
done by techniques that disturb the rock as little as possible.

Loaded disposal fields will be backfilled and abandoned (operation in retreating mode).

The halite layers of the salt formations have favorable properties to meet the contain-
ment function.

The halite layers have a very low permeability so that slow diffusion is the dominating process
of mass transport and advection is of little relevance. Salt plasticity will seal any impairment of
the rock due to mechanical impacts. Humidity in halite is very low. In the host rock surrounding
the disposal areas, a CRZ will be defined that will not be affected by any impacts from the
surface (e.g. ice ages) or evolutions of geosphere (e.g. fracture zones).

Several of the technical measures have the safety function to seal the unavoidable perforation
of the geologic barrier rapidly and effectively. The long-term goal is to restore the host rock’s
integrity and to avoid evolutions that result in an impairment of the CRZ. In detalil, the following
technical measures are included:

36

» Shaft seals, drift seals, borehole seals, and buffer: To comply with their safety function,

these barriers have a low integral permeability, which minimizes an advective solution
flow. The integrity of these barriers has to be demonstrated for 50,000 years. For
this period the development of hydrochemistry can be predicted (no glacial induced
changes of hydrochemistry) and the compaction of the crushed salt backfill in the mine
excavations has been completed.

Backfill: The safety functions of the backfill comprise the stabilization of the excava-
tions and the limitation of fluid flow. Backfilling will be done with crushed salt, that
reaches similar mechanical and hydraulic properties like the surrounding salt formation
after completion of compaction.

Temperature limit: Temperature limits have been defined to avoid an alteration of the
spent fuel elements and the glass matrix of the vitrified reprocessing waste and — in
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combination with safety distances — the degradation of carnallite layers with low thermal
stability

+ Disposal Canisters: The disposal canisters will be designed to be retrievable during the
operation period and to be manageable for 500 years after repository closure and they
will be loaded in such a way that criticality can be excluded.

A penetration of the geologic barrier is inevitable during mine construction and will result in its
local impairment. In the long term, creep processes promoted by the plastic properties of the
salt host rock will lead to the closure of such mine openings. Thus, in the long term, the original
properties of the geologic barrier will be restored. To overcome this period, engineered high-
performance shaft and drift seals will be constructed, which will provide the required sealing
immediately after installation. To guarantee the long-term sealing in the excavated part of the
formation, the mine workings will be backfilled with crushed salt that is stable in the long term.
Over time, the properties of this backfill will become similar to the surrounding host rock.

6.2 Repository concept development
6.2.1 Considered geological site — Determination of the available space

The geology surrounding a nuclear waste repository must provide conditions that ensure both
safe operation and secure long-term containment. To distinguish clearly inadequate condi-
tions from those that are potentially suitable, the StandAG (StandAG, 2023) outlines specific
preconditions for nuclear waste repositories in Germany. According to these regulations, a
site is classified as geologically unsuitable and excluded if it fails to meet any of the defined
exclusion criteria. Additionally, a set of minimum requirements is used to evaluate and weigh
the overall suitability of a site.

The requirements define the necessary characteristics of the geological space around the
repository and include qualitative criteria outlined in the preliminary safety analysis of the Gor-
leben site (Mdnig et al., 2012), which were further quantified in the KOSINA project (Bollinger-
fehr et al., 2018). These criteria can be summarized as follows (see Figure 6.-1):

1. The depth of the repository has to be between 500 m (600 m according to the safety
concept) and 1,000 m below ground level.

2. The minimum distance between drifts or cavities to top and bottom of the rock salt layer
is 50 m. The rock salt layer therefore needs to be thicker than 100 m.

3. There has to be a 500 m lateral safety pillar around the repository.

4. A minimum distance of 300 m between disposal rooms and shafts must be observed.

In order to determine the available space for a repository within the considered geology, the
safety distances are applied. Based on the boundary positions the respective criteria separate
the suitable from the unsuitable areas within the rock salt formation. Only those areas are
considered for a repository layout that satisfy all requirements:
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Figure 6.-1: Safety distances of the sample repository in rock salt.

1. The generic geology offers a rock salt thickness of more than 100 m over the whole
map section except the far southeast and northeast corner. Therefore the layer offers
enough distance for the repository towards the upper and lower boundary of the rock
salt.

2. As the covering evaporites have more than 150 m thickness in total, this criterion does
not affect the suitability of the rock salt layer.

3. The minimum depth of 600 m below ground limits the position of the repository in the
central and eastern part to a little extent, while the maximum depth of 1,000 m affects
the western part.

Figures 6.-2 and 6.-3 illustrate the simplified geological formation of the study area. The safety
boundaries delineate the rock salt zone into unsuitable areas that fail to meet the defined limits
(indicated in blue) and suitable areas that comply with the requirements (highlighted in yellow).
The dashed line represents the intersection of the two profiles.

With a north-south and east-west extent exceeding 8 kilometers each, and a vertical range of
more than 300 meters, the available space within the rock salt zone offers significant potential
to host a repository. This zone can accommodate a variety of repository sizes, configurations,
and depths. Consequently, this 3D body serves as the geological basis for the repository
design.
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Figure 6.-2: South-north cross-section near profile C-C’ with simplified geology, restricted by
safety distances for a repository (3x superelevated).
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Figure 6.-3: East-west cross-section near profile A-A’ with simplified geology, restricted by
safety distances for a repository (3x superelevated).

6.2.2 Repository design

HLW and SNF repositories must ensure long-term safety while maintaining operational safety
during their construction and use. The design of the underground structures requires a care-
ful balance between geological conditions, technical feasibility, and regulatory requirements.
To achieve an optimal design, the process involves multiple iterative design cycles, where
feedback from each cycle informs subsequent refinements.

The repository design is driven by the available space within the geological setting and the
defined nuclear inventory. The stepwise approach first determines the geometry of individual
excavations and organizes them into patterns that are specifically tailored to the geological
conditions. Initially, one or more repository concepts are developed, and casks are selected
accordingly for the various types of nuclear waste. Following this, the technical tasks are out-
lined, beginning with the handling of individual casks (how they will be transported, emplaced,
or retrieved) and extending to considerations of necessary equipment and ventilation systems.
These tasks ultimately define the geometry of the drifts. The entire process is illustrated in
Figure 6.-4.
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To ensure the stability of drift contours and the pillars between them, geomechanical design
is essential. Simultaneously, thermal design optimizes the spacing between casks, and, if
needed, increases the distance between drifts to manage heat output. By allowing sufficient
space around critical areas, the repository design not only enhances passive safety but also
facilitates the installation of the engineered barrier system (EBS).

_ ------ T '
distances

1
1
i 3

———————

1
] A A 4
: | _ | Repository concept& | > Necessary
; ! cask selection technical tasks
1
H - L 2
Distance to crucial E—--- Thermal Design | Equipment selection
points (e.g. shaft or 1 Spacing between Spacing of casks inside a Excavation
emplacement are.a) : disposal drifts or disposal drift or borehole E’ Emplacement i
or space for special 1 boreholes i = i
purpose (e.g. sealing : L i Retrieval i
! " ¢ ~-—-9{ Geomechanical Design | : i
Infrastructure area, Drift or borehole geometr == i
connecting drifts) | 8 Y :
EMPLACEMENT FIELD DRIFT ALIGNMENT SINGLE DRIFT DESIGN
ALIGNMENT EMPLACEMENT FIELD DESIGN
REPOSITORY DESIGN

REGULATORY FRAMEWORK & SAFETY CONCEPT

Figure 6.-4: Concept of the repository design within the legal framework.

The design is then used to plan geotechnical barriers, to verify their integrity considering
different scenarios based on FEP analysis and finally to simulate radionuclide migration. If
these assessments are successful, the layout can be considered as the final one.

The repository concept considers the disposal of self-shielded casks in horizontal emplace-
ment drifts (ED) in one level only. These emplacement drifts that are later backfilled with
crushed salt are allowed to reach a maximum temperature of 200 °C. To take advantage of the
salt pillow’s thickness the repository is vertically centered in the suitable rock salt zone at a
depth of approximately 750 m bgl. The sublevel structure is composed of the northern and
southern emplacement wing and a central infrastructure area that hosts two vertical shafts.
Each wing represents an emplacement area with multiple emplacement fields each containing
a number of emplacement drifts. The straight drifts and cross-cuts intersect at a 90° angle.
Additional radii are planned for the transportation of casks via rail-based transport system.

Two shafts serve as dedicated fresh air intake and exhaust pathways, ensuring adequate ven-
tilation while minimizing the disruption of the natural barriers. This design approach maintains
the integrity of the geological layers, balancing operational needs with the preservation of the
repository’s natural isolation properties.

The infrastructure area and the emplacement drift are separated by at least 300 m of undis-
turbed rock salt. In order to minimize the quantity of access drifts only one drift leaves the
infrastructure area to the west and one to the east. These split after about 100 m towards
north and south. Each of these straight access drifts to the emplacement wings reserves a
length of 500 m for the construction of drift seals in addition to the first 100 m. To ease the

40 BGE TEC 2025-07



6. Repository concept

installation of the EBS these access drifts are inclined according to the allowed parameters
of the transportation system. The shafts are located at the thickest part of the salt pillow to
ensure that the longest natural barrier of rock salt can be used for sealing. Finally a lateral
safety pillar of 500 m is applied (Figure 6.-5).

Emplacement areas in the
north and south of the in-
frastructure area

Shaft locations and infra-
structure area in the cen-
ter of the salt pillow

Main access roads for
transportation and venti-
lation

N 500 m lateral safety

Figure 6.-5: Elements of the repository concept within the selected geological site.

The HLW/SNF inventory of Germany consists of different types and quantities of waste. There
are SNF from pressurized water reactors (PWR), boiling water reactors (BWR) as well as from
pressurized water reactors of the Russian type (VVER). Additionally there are three types of
waste from reprocessing (CSD), structural parts from dismantling the SNF cells as well as SNF
from prototype and test reactors. According to the safety and repository concept these need
to be separately packed into different types of self-shielded casks. Table 6.-1 summarizes the
radioactive waste inventory in Germany. The heat generating waste from SNF will be packed
in a total of 2,120 POLLUX-10 casks. During packing the structural parts will be separated
and loaded into 2,620 MOSAIK casks of type Il. The different types of waste CSD-V, -B and
-C coming from reprocessing will be loaded into a total of 887 POLLUX®-9 casks. Spent
nuclear fuel from prototype and nuclear test reactors will be disposed of in different types of
CASTOR casks which are specially made for each type of waste. These sum up to a total of
530 casks (Bollingerfehr et al., 2018). The selected casks provide enough shielding to handle
them without additional transportation cover.

6.2.3 Thermo-mechanical design of the repository
This section describes the optimization of the repository by means of thermal-mechanical
computations. The objective is to optimize the spacing between the casks in disposal drifts

and between the drifts within the salt formation by maintaining a design temperature of no
more than 200°C at the cask surface.
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Table 6.-1: Summarized German nuclear inventory after Bollingerfehr et al. (2018)

Type of Waste Quantity Type of cask Quantity
SNF 10,445 ton heavy metal ~ POLLUX®-10 2120
CSD-V 3,729 coquilles POLLUX®-9 415
CSD-B&C 4,244 coquilles POLLUX®-9 472
Structural Parts Depending on SNF MOSAIK® (Type II) 2620
SNF from prototype and 905,767 ball fuel CASTOR® 461
nuclear test reactors elements + 2,536 fuel THTR/AVR/KNK

elements

1,359 fuel elements + 16  CASTOR® MTR2 69

fuel rods

Repository layout

The thermal design and optimization of space requirements are based on a schematic concept
of the underground layout of the repository. This concept influences the thermal design and
the calculation method for determining space requirements. The repository layout was previ-
ously described. It consists of an infrastructure area, where two shafts provide access to the
surface, connects to the disposal area through two main drifts. These main drifts run parallel
to each other and are interconnected at regular intervals by crosscuts. From these crosscuts,
the disposal drifts branch off, which are parallel to each other and to the main drifts. The
disposal drifts are blind, meaning they only have one access point from the crosscut. In the
disposal drifts, the waste containers are placed on the floor.

Waste packages

The drift disposal concept for salt formations draws significantly from the comprehensive
insights obtained from the preliminary safety analysis at the Gorleben site, as detailed by
(Bollingerfehr et al., 2013). This analysis not only explored the feasibility of waste emplace-
ment in drifts but also contributed to the foundational knowledge in this domain. Furthermore,
the advancement in emplacement technology for the final disposal of POLLUX® casks, as
documented by Engelmann et al. (1995), continues to stand as contribution to the state of the
art in drift disposal methodologies and techniques.

In this concept, spent fuels and reprocessed waste are package in POLLUX® casks. The
remaining waste type such as waste from prototype, research and experimental reactors are
packaged in various CASTOR® casks. For the thermal design, only the heat generating waste
in POLLUX® casks are considered. Minimal spacings based on mining and pillow stability
requirements are considered for the disposal of the CASTOR® casks.

Figure 6.-6 illustrates the temporal evolution of the thermal output of different types of fuel
elements in a loading configuration equivalent to that of PWR fuel elements. The mixed load-
ing, comprising 89% UO2 and 11% MOX, conservatively covers the heat release from the
UO; fuel elements used in BWR (Boiling Water Reactor) and VVER (Water-Water Energetic
Reactor) reactors. The thermal output for pure MOX fuel element loadings is compared in the
figure.

Additionally, Figure 6.-6 presents the thermal power of reprocessed waste. It exhibits a decay
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behavior distinct from that of the fuel elements. The heat output of such wastes remains
at the level of the UO, fuel elements initially, then declines more significantly after 50 years
post-reprocessing.
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Figure 6.-6: Heat power of different heat generating radioactive waste.

The POLLUX® cask was specifically designed and engineered for final disposal in salt forma-
tions. For this study, it is assumed that POLLUX® casks can accurately approximate future
final disposal containers for drift disposal in rock salt in all relevant characteristics, ensuring
that using this type of container does not introduce a significant error in determining the space
requirements for disposal variants.

The POLLUX® container consists of an inner and an outer container, see Figure 6.-7. The
inner container is made of fine-grain structural steel (material 1.6210) and is hermetically
sealed with a screwed primary lid and a welded secondary lid. The interior is divided into sev-
eral chambers, each of which can accommodate a fuel rod assembly with fuel rods from two
PWR assembilies or six BWR assemblies. By adjusting the interior, the storage of CSD molds
is conceptually possible. Figure 6.-7 illustratively shows a POLLUX® container with withdrawn
fuel rods from ten PWR assemblies (POLLUX®-10). The external shielding container, like
the primary and secondary lids, is made of ductile cast iron (material 0.7040). This shielding
container is not required to be leak-tight and is closed with a screwed lid. In the shell, rods
of polyethylene are inserted in radially distributed bores to reduce neutron dose rates. The
structural design and material selection of the container ensure the fundamental requirements
for retrievability during the operational phase. Regarding the requirement of handle-ability of
the container up to 500 years (retrievability), no corresponding studies have been conducted
yet. The container underlying this analysis has a length of 5.517 meters and a diameter of
1.56 meters (Bollingerfehr et al., 2013).
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Figure 6.-7: Schematic illustration of a POLLUX® cask (Bollingerfehr et al., 2013).

Numerical modeling

The design temperature for disposal in rock salt was set at 200°C on the outer surface of the
final disposal container, aligning with the limit temperature established in previous projects
Bollingerfehr et al. (2013, 2018). Thermal design calculations are conducted for this tem-
perature, varying the casks and drift spacings within a parameterized calculation model. This
model, representing the repository, needs to illustrate thermal superpositions and the resulting
temperature increases. Such representation can be achieved by considering thermal symme-
try boundary conditions as a quarter model of a cask embedded in a partial model of the rock
formation, allowing the simulation of a horizontally extensive disposal field with a grid based
on cask and drift distances. In this model, the distance from the drift axis to the model bound-
ary in the transverse direction of the drift equals half the drift distance, and the distance from
the cask’s end face to the model boundary in the drift direction equals half the cask distance.
The resulting thermal superpositions are conservative and only occur in storage fields with
very long storage drifts and a large number of such drifts. This modeling approach has the
advantage of not requiring the entire repository to be modeled, reducing time and numerical
effort. The calculation model is depicted in Figure 6.-8, showing a drift filled with crushed salt
in a salt formation where a final disposal cask is stored. The cask in the model comprises
two components: an outer casing for shielding against radioactive radiation and a container
basket holding the high-level radioactive wastes, acting as a heat source in the model.

For this analysis, models were created for disposal depth of 810 m below the ground level.
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Figure 6.-8: Numerical model for the thermo-mechanical design of disposal drifts with heat
generating waste.

Table 6.-2 summarizes the material areas used in the model to simulate thermal propaga-
tion in the near field - rock salt. The crushed salt considered in the calculation model is
compacted over time under the influence of lithostatic stresses, changing its thermal proper-
ties, particularly its thermal conductivity. The mechanical material model of the crushed salt
capturing this compaction behavior and its material parameters are detailed in Bollingerfehr
et al. (2013). The compaction of the crushed salt, dictated by the material properties of the
rock salt, exhibits a viscosity-dependent deformation behavior influenced by stress and tem-
perature, hence time-dependent. The material model used for rock salt is also described in
Bollingerfehr et al. (2013).

Table 6.-2: Density and thermal parameters of the components in the near field of the disposal
drift (n: porosity, T: temperature)

Components Density (kg/m3) Heat Capacity (J/kg K) Thermal Conductivity
(W/m K)

Container 7000 515 15

Container basket 7000 500 20

Crushed salt f(n) : 1430 — 2200 f(n) : 562 — 864 f(n) :5.4—-0.7

Rock salt 2200 864 f(T):5.4—-42

The computations was carried out thermo-mechanically with FLAC3D in the version 5 (ltasca
Consulting Group, Inc., 2021).

Modeling results

The thermal design is conducted by varying the spacing between the drifts. The spacing
between the casks was set to a constant value of 3 meters allowing to dispose the maximum
amount of casks in a single drift. The drift spacing was varied in increments of five meters.
For the design, the loading of the casks with ten fuel elements was considered based on
the experience gained from previous projects. The temperature evolution curves for different
spacing at the design point are depicted in Figure 6.-9.
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The temperature evolution at the design point of a cask in the central area of a disposal
field, loaded with PWR mixed fuel elements based on their thermal output, is characterized
by up to three peaks. The first peak is reached immediately after storage and is due to the
thermal-mechanical behavior of crushed salt. Right after emplacement, the crushed salt acts
as an insulator due to its initially low thermal conductivity, leading to the formation of the first
temperature peak. This peak is influenced by the load and the distance between the casks.
Subsequently, as the thermal conductivity of crushed salt increases due to compaction, the
temperature drops. Whether a second peak, a plateau, or a mildly increasing or decreasing
region forms around 50 years depends on the geometric configuration. Another temperature
peak forms after about 400 years due to thermal superposition effects. Depending on the ge-
ometric setup, different peaks may be significant for the design. The temperature progression
in a disposal field where VVER fuel elements are emplaced shows similar behavior as the
PWR fields. The thermal outputs of PWR mixed and VVER fuel elements have approximately
the same rate of change.
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Figure 6.-9: Temperature evolution at the design point of a POLLUX® cask with PWR spent
fuels.

The temperature peaks from Figure 6.-9 were plotted in Figure 6.-10 as a function of the drift
spacing, identifiable by the support points. In Figure 6.-10, it results that a spacing of about
37.5 m and higher is necessary to meet the temperature limit of 200°C at the cask surface.
Thus the spacing of 37.5 m is assumed for the planning of disposal fields emplaced with PWR
spent fuels. The same spacing is conservatively assumed for VVER emplacement fields as
the thermal output of this waste type is similar to that of PWR but with a lower amplitude.
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Figure 6.-10: Temperature peak as a function of the drift spacing for POLLUX® cask with PWR
spent fuels.

The thermal design for the CSD-V emplacement field is carried out analogously to the spent
fuel with a cask spacing of 3 meters and a cask loaded with a maximum of 9 CSD-V canis-
ters.The temperature evolution curves for different spacings at the design point are depicted in
Figure 6.-11. The design calculations for disposal areas with CSD-V are performed similarly
to those for areas with fuel elements. The characteristic temperature progression for CSD-V,
marked by two temperature peaks, is due to a more significant drop in its thermal power curve,
as shown in Figure 6.-6. A first temperature peak forms immediately after storage due to the
previously mentioned thermal-mechanical behavior of crushed salt. The second temperature
peak is reached around 40 years after storage. Depending on the container load and geomet-
ric configuration, either the first or the second temperature peak may be critical. Instead of a
second peak, a slightly declining temperature plateau may also form.

The thermal design for the CSD-V emplacement field is carried out analogously to the spent
fuel with a cask spacing of 3 meters and a cask loaded with a maximum of 9 CSD-V canisters.
Thus, only the drift spacing was optimized. The temperature peaks from Figure 6.-11 were
plotted in Figure 6.-12 as a function of the drift spacing, identifiable by the support points.
In Figure 6.-12, it results that a spacing of about 15 m and higher is necessary to meet the
temperature limit of 200°C at the cask surface. Thus the spacing of 15 m is assumed for the
planning of disposal fields emplaced with CSD-V reprocessed waste.
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Figure 6.-11: Temperature evolution at the design point of a POLLUX® cask with CSD-V
waste.

200

56" Tsb ! 100

1

Peak tem
160

150

| I I ry - . d hd T T T
15 20 25 30 35 40 45 50 55 60
Drift spacing [m]

Figure 6.-12: Temperature peak as a function of the drift spacing for POLLUX® cask with
CSD-V waste.
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6.2.4 Layout of the repository

The rectangular drift system consists of the following types of drifts that are arranged in one
level only:

« Infrastructure cross cut (east-west orientation) from the infrastructure area towards the
main drifts

« Main drift for waste transport (north-south orientation)
» Main drift for excavation transport (north-south orientation)
» Cross cuts between the main drifts inside an emplacement wing (east-west orientation)

« Emplacement drifts (north-south orientation)

The sizes of the drifts are derived from the KOSINA project (Bollingerfehr et al., 2018) (see
Figure 6.-13), leaving the spacing of casks as the primary design consideration at the scale
of individual drifts. From the thermo-mechanical design, the following spacings are derived:

« POLLUX®-10 casks containing spent nuclear fuel (SNF) are spaced 3 meters apart
(shoulder to shoulder) within a drift, with a spacing of 37.5 meters between the axis of a
cask in one drift and the axis of a cask in an adjacent drift.

+ POLLUX®-9 casks with CSD-V require a minimum spacing of 3 meters within a drift and
15 meters between drifts.

« For other POLLUX®-9 and CASTOR casks, a 1-meter spacing is maintained within drifts
for technical reasons, with the minimum possible spacing required between emplace-
ment drifts.

In addition to optimizing the repository thermo-mechanically, a geomechanical design is nec-
essary to ensure the stability of the salt pillars. A general rule of thumb dictates that a rock
salt pillar should be at least twice the width of the adjacent drifts. For this model, it is specified
that the pillar must be twice the width of the widest adjacent drift. This approach ensures
stability, even in the event of retrieval operations, by considering the largest potential size of
both current and future drifts.

The size of the main drifts remains unchanged during retrieval, as these drifts do not experi-
ence obstacles or significant heat concentration. Similarly, emplacement drifts used for struc-
tural parts can be reopened without alteration. However, the retrieval process for POLLUX®
casks involves modifications. Based on the ERNESTA project concept (Herold et al., 2018),
retrieval is carried out by first creating smaller parallel drifts on either side of the original drift.
The remaining salt between these smaller drifts is then removed in a second step, resulting in
a full retrieval profile with a width of 9.7 meters.

For CASTOR® casks, the retrieval process is modified. In this case, a single adjacent drift is

used to prepare for reopening the emplacement drift, rather than creating dual parallel drifts.
This variation accommodates the specific requirements of CASTOR cask retrieval.

BGE TEC 2025-07 49



6. Repository concept

For the given inventory, the selected spacing between drifts corresponds to the largest re-
quired distance based on retrieval needs and thermal considerations. Table 6.-3 and Fig-
ure 6.-13 summarize the properties and dimensions of the drifts, including the adjustments
necessary for retrieval operations.

Table 6.-3: Width of drifts and required rock salt pillars in meters
Main Drift Main Drift ED spent ED vitrified ED cold ED struc-

fuels waste waste tural parts
Control Monitoring  Pollux®-10  Pollux®-9 CASTOR®  MOSAIK®
Area Area SNF CSD-V
Drift width re- 7.60 6.80 5.10 5.10 5.10 5.50
quired for em-
placement
Drift width re- 7.60 6.80 9.70 9.70 7.10 5.50
quired for retrieval
Optimized spac- 0.00 0.00 37.50 15.00[9.90] 0.00 0.00
ing from thermal [32.40]
design  (axis
axis) [wall —wall]
Geomechanical 15.20 13.60 19.40 19.40 14.20 11.00
rock pillar width
(wall - wall)

If different types of drifts are adjacent to each other the larger required distance is used. An
exception is made between emplacement drift for SNF and cold drifts e.g. the emplacement
drift for structural parts or the main drifts as these will not increase the maximum temperature.

3.7m
41m

1 48m |
k d
55m

Conveyor
belt

Wheel loader/LHD 3

| 62m |
76m | | 68m |

Figure 6.-13: lllustration of the drift profiles for POLLUX® emplacement drift (a), MOSAIK
emplacemnet drift (b), main drift for waste package transport (¢) and main drift for mining
operations (d).

The emplacement drift are planned with a length of 250 m of which 225 m can be used for
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disposal. Based on the spacing of casks and their length the maximum quantity per em-
placement drift can be calculated. The total quantity of a cask type divided by the quantity per
emplacement drift equals to the number of emplacement drifts needed. The distance between
main drifts is 800 m. The crosscuts that develop the emplacement fields are planned with a
maximum length of about 790 m. Based on the spacing between drifts the number of drifts
per cross cut is calculated. The number of emplacement drifts divided by emplacement drift
per crosscut finally gives the quantity of emplacement fields needed. In this case a total of 5.8
emplacement fields is needed, see Table 6.-4.

Table 6.-4: Number of emplacement fields required for different types of waste

POLLUX®-10  POLLUX®-9 CASTOR® MOSAIK®

var. types type ll
Cask quantity [m] 2,120 887 530 2,620
Cask length [m] 5.60 5.60 2.90 1/7
Cask spacing [m] 3 3 1 0
Number of casks per 225 m usable ED 26 26 57 1,800
Number of ED needed 82 35 10 2
Drift spacing (axis - axis) [m] 37.5 29.1 21.3 16.5
Number of drifts per 790 m crosscut 20 26 36 46
Number of fields required 4.1 1.3 0.3 0.04

The arrangement of the drifts uses following principles:

* One emplacement drift can only be used for one type for waste

« If one type of waste requires a multiple emplacement drifts these should be grouped
together

+ “Hot” waste is disposed in fields near to the infrastructure area to foster salt creep and
therefore the self-sealing of drifts that have been backfilled with crushed salt

« The emplacement process starts at the far end of one wing close to the main drift of
the monitoring area. It continues in a retreating operation towards the main drift control
area.

« At first the already packed and comparatively “cold” waste types in CASTORS are dis-
posed of, POLLUX®-9 and POLLUX®-10 follow in the next steps

» Waste out of structural parts is commissioned during the packing of SNF. Therefore in
both fields an emplacement drift is required. As it needs to be open until the last bit of
structural waste is taken from SNF it should be closer to the infrastructure area

» One emplacement drift can only be used for one type for waste

« If one type of waste requires a multiple emplacement drift these should be grouped
together

» “Hot” waste is disposed in fields near to the infrastructure area to foster salt creep and
therefore the self-sealing of drifts that have been backfilled with crushed salt

« The emplacement process starts at the far end of one wing close to the main drift of
the monitoring area. It continues in a retreating operation towards the main drift control
area.
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« At first the already packed and comparatively “cold” waste types in CASTORS are dis-
posed of, POLLUX®-9 and POLLUX®-10 follow in the next steps

Figure 6.-14 illustrates the layout of the proposed repository. The design features a symmet-
rical arrangement of three emplacement fields in each wing, providing sufficient space for the
anticipated waste inventory. Although all six fields are not fully required, the northern wing
will be the first to commence operations. This wing will host spent nuclear fuel (SNF) from
test and prototype reactors, waste from reprocessing, and a smaller portion of SNF, including
associated structural components.

At a later stage, the southern wing will be developed and begin operations. It will accommo-
date the remaining SNF inventory along with its corresponding structural parts. If additional
emplacement drifts are needed during the operation of the northern wing, which is expected to
utilize 100% of its capacity, the southern wing includes reserve capacity to meet this demand.

The final repository design fits well within the suitable space of the salt pillow, with a total
length of less than three kilometers and a width of approximately 800 meters. The compact
yet efficient layout ensures optimal utilization of the geological formation, as shown in the
figure.

2870m
ED for SNF in ED for structural parts ED for reprocessed waste proto%y?)éoz;rii’tsftr?;nactors
POLLUX-10 in MO?AIK-II Main drift excavation transport in POLLUX-9 in various CASTOR .
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Declined access drift to south Declined access drift to north
Figure 6.-14: Repository design in topview and frontview.

The emplacement fields are separated from the infrastructure area by at least 300 meters of
undisturbed rock salt, ensuring robust isolation. The two shafts are strategically positioned
with safety pillars far apart, ensuring they do not influence each other. The straight drifts
provide multiple advantages, including the ability to install belt conveyors and maintain clear
visibility during operations.

Waste transportation is envisioned to be carried out using an electric locomotive. The loco-
motive will move forward through the main drifts, turn into a crosscut, and pass the switch for
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the active emplacement drift. It will then stop, reverse into the emplacement drift, and proceed
with waste emplacement. To ensure smooth operation, a maximum inclination between 2.5%
and 4.0% is deemed suitable for the locomotive on straight sections. For the access drifts
connecting the infrastructure crosscut to the emplacement wings, an inclination of 4.0% will
be used to facilitate the construction of seals (see Figure 6.-14).

Figure 6.-15 shows a stylistic 3D representation of the repository system where the developed
repository mine is integrated into the generic geological formation. Here we can see that the
shafts are located where the salt pillow thickness is maximum.

Figure 6.-15: Generic repository system for RANGERS (with courtesy of BGR (Vélkner et al.,
2017a)).
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7. Sealing Concept

The sealing concept includes the conceptual design of the geotechnical barriers or the EBS
and describes the functions and functional periods of those barriers.

71 Regulatory requirements

In general, when designing a deep geological repository, it is essential to ensure that the
deposited radioactive waste remains reliably isolated from the biosphere over a long period
of time. This is also the key statement of Section 4 of the EndISiAnfV (EndISiAnfV, 2020). It
states:

(1) The radioactive waste to be deposited in the repository system must be con-
centrated and securely enclosed with the aim of keeping the contained radionu-
clides away from the biosphere for at least the assessment period.

(2) The intended repository system must ensure the safe confinement of the ra-
dioactive waste passively and maintenance-free through a robust, layered system
of various barriers with different safety functions.

The use of the term repository system indicates that the secure confinement must be achieved
through the interaction of the geological barrier (the rock of the repository site) with the tech-
nical and geotechnical barriers. Even the most suitable location can only serve as a safe
repository with the repository rock if it is possible to adequately seal the necessary penetra-
tions of the repository rock after the completion of the waste emplacement (Wunderlich et al.,
2022).

The EndISiAnfV (EndISiAnfV, 2020) specifically requires the inclusion of a sealing concept in
the development of the safety concept (Section 5, §10). Furthermore, measures to concretize
the sealing concept are to be specified in the repository concept (Section 5, §11). In Section
2, §19, the EndISiAnfV further detailed which components of the repository system has to
be sealed and closed by stating that the sealing and closure of the repository includes, in
particular, the as complete as possible backfilling of all underground cavities and their sealing,
as well as the dismantling of technical facilities that impair long-term safety.

In the United States, the shaft sealing system developed for the Waste Isolation Pilot Plant
(WIPP) and reviewed and certified by the Environmental Protection Agency (EPA) can serve
as a foundation for the development of a sealing concept for a salt repository safety case. If a
Department of Energy (DOE) repository for High-Level Waste (HLW) and Spent Nuclear Fuel
(SNF) were to be located in the Delaware Basin bedded salt, any modifications made to the
WIPP seal design would enhance its primary functions. These functions include limiting the
migration of waste constituents to regulatory boundaries, restricting the flow of formation water
through the seal system, preventing structural failure of system components, and mitigating
subsidence and accidental entry. As a result, the DOE can have a high level of confidence
that the sealing system for a repository containing DOE HLW/SNF will meet the requirements
associated with the performance of the repository system (MacKinnon et al., 2012).
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7.2 Reference to the safety concept

According to EndISiAnfV (2020), the safety concept must provide an overview of all planned
barriers within the repository system, particularly the essential barriers, their respective safety
functions, and how they interact. The essential barriers are defined as the barriers on which
the secure containment of radioactive waste primarily relies. In addition to the essential bar-
riers, the safety concept also defines additional barriers that work together with the essential
barriers to prevent or limit the release of radionuclides.Thus, the sealing elements are to be
divided into essential barriers and additional barriers. To differentiate the functions of each
barrier conceptually, safety functions are assigned to the essential barriers, while protective
functions are assigned to the additional barriers.

In this context, the safety function is defined as a property of a component within the repository
system that fulfills safety-related requirements for the secure containment of radionuclides.
To enable these safety or protective functions to be performed by each component, specific
performance targets must be assigned during the conception of the individual modules of each
component. Performance targets are measurable or calculable quantities or characteristics
by which the fulfilment of the associated safety function can be quantitatively assessed. To
achieve these performance targets, it is necessary to formulate specific design requirements
for the construction of the structures or their individual modules. These requirements must
be adhered to in order to definitively achieve the desired performance targets of the structure.
From the design requirements, design specifications are derived, which serve as the basis for
the manufacturing and construction of the structure or its individual parts. Compliance with
the design requirements must be verified during the construction of the structure, taking into
account quality assurance measures.

Design premises of the sealing concept can be derived from the safety concept (see section
5.2) and the regulatory frame (see section 5.1). The Ordinance on Safety Requirements for
the Disposal of High-Level Radioactive Waste (EndISiAnfV 2020) states that

[...] the integrity of the system of essential technical and geotechnical barriers
shall be demonstrated for the expected developments during the verification pe-
riod and its robustness shall be justified. It shall be demonstrated that the prop-
erties of the further barriers of the repository system relevant for the safe confine-
ment of the radioactive waste and, in particular, of the rock mass in the emplace-
ment area are maintained at least over the period of time during which they are
required according to the safety concept.

Further it is required to demonstrate the integrity of the essential technical and geotechnical
barriers. This assessment shall demonstrate the safety functions of the barriers and their re-
sistance against chemical and physical processes resulting in corrosion or erosion, the stress
state or changes in the stress state and the temperature development over time. Following
this the sealing concept must be:

1. designed in a diverse redundancy

2. composed of a modular system to react on variations in the geological environment
shaft and drift seals
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3. separated in different modules/elements with sealing function and stability function

4. able to cover different functional periods of the modules/elements and guarantee the
function over the required period

Diverse redundancy means that different components with possibly different functional princi-
ples work together. With this type of redundancy, the risk of systematic error is minimized.

Waste form and disposal waste package represent components of the EBS as well. In the
considered safety concept for salt, based on the German regulatory frame, both technical
components of the EBS have no explicit long-term sealing function. They provide at first
operational safety function. Within the sealing concept the geotechnical barriers of shaft and
drift sealing as well as the backfill are considered. The following design includes the shaft and
drift sealing. The backfill inside all emplacement drifts, cross cuts and main drifts is made of
crushed rock salt.

Shaft seal and drift seal are connected to specific safety functions as the sum of properties to
fulfill the required safe containment of the radionuclides. This safety function can be broken
down to further target properties, defining measurable or calculable characteristics of single
modules/elements by which the fulfilment of the associated safety function can be quantita-
tively assessed. The target properties will be translated in design requirement by giving the
measureable characteristics a value of a range to be fulfilled. The design requirement will
defined within the design process of the EBS. The resulting preliminary design is afterwards
evaluated in the EBS assessment and the PA.

As previously mentioned in the preceding section, specific measures need to be formulated
to provide concrete details to develop a sealing concept outlined below. These measures are
derived from the safety concept and serve as the basis for the development of the are incorpo-
rated into the repository concept. From research projects and safety assessment evaluation
like the preliminary safety assessment for the Gorleben Site (Ménig et al., 2012), KOSINA
(Bollingerfehr et al., 2018) and RESUS (Bertrams et al., 2020), several measures has been
formulated in the safety concept concerning the sealing of a repository in salt. Although, these
measures were derived from previous safety requirements (BMU, 2010), they are still valid for
the requirements formulated in EndISiAnfV (2020). Those measures are (Ménig et al., 2012):

* In the shafts and access tunnels connecting the infrastructure area to the emplacement
areas, sealing structures with a specified hydraulic resistance are constructed and qual-
ity assured. These sealing structures must remain sufficiently tight until the hydraulic
resistance of the compacted salt crushed salt is sufficiently high to prevent or limit the
inflow of solutions to the waste. Therefore, their effectiveness must be ensured for at
least the duration required for adequate backfill compaction. The design of the sealing
structures is based on load cases that cover a range of possible future developments
during their required service life as much as possible.

» The open cavities in the mine workings of the emplacement areas are backfilled with
crushed salt. The cavity convergence due to salt creep leads to compaction of the
crushed salt, reducing its porosity and permeability. Near the heat-generating waste,
crushed salt compaction is accelerated by locally elevated temperatures. The cavity
convergence is limited by the volume of crushed salt. The earlier onset of confining
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stress compared to unfilled mine workings and the overall reduced extent of salt creep
lead to accelerated healing of the rock salt in the excavation disturbed zone and a re-
duction in differential stresses within the rock mass. Furthermore, the introduction of
backfill significantly reduces the initial cavity volume that can be filled with solution.

 In the access drifts, a sufficient sealing effect of the backfill is aimed to be achieved
within a short period. Therefore, the crushed salt in the access drifts belonging to the
emplacement areas is slightly moistened to reduce its resistance to compaction and
achieve faster compaction

» Moisture introduced near the waste in the repository is minimized. The aim of this
measure is to limit corrosion of the waste containers and thus the generation of gas
and gas pressure buildup within the repository. For heat-generating waste, where only
small amounts of residual moisture may be present, crushed salt backfill with very low
moisture content is used in the mine workings of the emplacement fields.

» The design of the shaft sealing structures is based on the use of multiple sealing ele-
ments made of different materials, each with diverse functional properties due to their
respective construction

7.3 Components of the sealing concept

The sealing concept for a repository in salt involves geotechnical barriers and the backfilling
of cavities, at least in the emplacement areas, with compacted crushed salt. The geotechni-
cal barriers encompass shaft seals and selected drift seals. Together with the containment-
providing rock zone, they ensure the confinement of the radioactive waste in the early phase
of the repository evolution during the period when the crushed salt has not yet fully developed
its sealing effect (Monig et al., 2012).

The shaft seal is the most important safety-related closure, as it restores the integrity of the
containment-effective rock mass. Its main function is to prevent water/solution ingress from
the overlying rock into the repository after its closure and, in the event that radionuclides are
mobilized during the post-closure phase, to retain them within the repository through appro-
priate sealing. The concept of a shaft seal includes sealing components as well as sup-
porting/structural components (Kreienmeyer et al., 2008). The shaft seals are designed to
withstand the expected fluid pressures (hydrostatic pressure from the water column in the
overburden and surrounding rock). The design of the shaft seals assumes a functional lifes-
pan of 50.000 years (up to next ice age) in Germany, during which their functionality must be
ensured. After this time period of about 50.000 years, increased hydraulic permeability of the
shaft seals and therefore enhanced solution ingress into the infrastructure area are assumed
for the reference scenario. If solutions reach the drift seals, partial dissolution of the sealing
materials or precipitation of dissolved inventory in the pore space can occur. At that time, the
backfilled crushed salt in the access drifts already exhibits a low permeability similar to the
intact rock (Beuth et al., 2012).

At defined locations separating the emplacement areas from the infrastructure area within
the repository mine, drift seals are constructed. Their purpose is to prevent solutions from
reaching the emplacement fields or to delay the spread of contaminated solutions until the
compacted crushed salt can assume the barrier function of sealing repository system. For
the reference scenario, a functional lifespan of 50.000 years is assumed for the tunnel seals,
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during which their functionality must be ensured. The required integral permeability is set at 5-
10~""m? (Beuth et al., 2012). The drift seals must be designed to withstand the rock pressure
exerted by the surrounding rock. This pressure is determined by considering possible stress
redistributions based on petrostatic considerations” (Kreienmeyer et al., 2008, p. 42). For drift
seals, the separation of sealing and supporting components is recommended, as well as the
design with redundant and diverse components and materials (Kreienmeyer et al., 2008).

In salt repository concepts developed in Germany (VSG (Mbnig et al., 2012), KOSINA (Bollinger-
fehr et al., 2018)), the infrastructure area is to be backfilled with non-compactable gravel made
of basalt or serpentinite. Unlike crushed salt, this non-compactable backfill undergoes only
slight compaction due to the increasing convergence, quickly generating confining stress. The
infrastructure area, filled with non-compactable backfill, serves as a reservoir for solutions en-
tering through the shaft and from the host rock. It can also serve as a reservoir for gases
generated within the repository due to corrosion of the disposal caks. In the preliminary safety
case for the Gorleben site, the backfilled infrastructure area was planned to served as a reser-
voir to collect 5.100m? of fluid resulting form the inflow of solution through the shaft into the
infrastructure area (Beuth et al., 2012).

Besides the geotechnical barriers, the waste packages and the waste form are also part of
the EBS and the sealing concept.

7.4 EBS design guidance

The design of the EBS will be prepared in a stepwise approach with the possibility of addi-
tional iterations, if safety function or requirements cannot be fulfilled by the preliminary design.
The approach considers the previously named R&D activities such as (Ménig et al., 2012;
Buhmann et al., 2008; Wagner, 2005; Orzechowski, 2018; Kudla and al., 2020; Kreienmeyer
et al., 2008). The necessary steps are:

1. Identification of boundary conditions and requirements, including knowledge about the
actual site, the repository concept and the safety concept

2. ldentify the relevant process classes and corresponding impacts to the EBS based on
the FEPs

3. Identify usable construction materials, based on chemical environment and technical
feasibility

4. Develop a preliminary design (draft) out of the knowledge grained in (1), (2) and (3) and
name the different components

5. Identify the necessary assessments to proof integrity of the EBS
6. Determine dimensions of the barrier and its components

7. Prepare a preliminary or simplified assessment for the most relevant safety functions
(commonly hydraulic resistance and mechanical stability)

8. Start a new iteration at (4) if safety function are not met

Sanders (2020) illustrated the named stepwise approach, see Figure 7.-1.
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The requirements (Position 1 in Figure 7.-1) and impacts (Position 2 in 7.-1) to the single
barrier are derived from the total repository system and allow a formulation of target proper-
ties. Thus, a consideration of the entire system is not necessary for the design of the sealing
concept or its single elements. Thermal impacts result from the natural rock temperature,
operation of the repository (e.g. ventilation) and the thermal output of the radiological decay
(of the emplaced waste). With respect to the given temperature limits target properties to
the EBS are given e.g. by limiting the hydration temperature of used concrete based materi-
als. Additionally the used materials have to be stable under the given temperature conditions.
Hydraulic impacts result from gas or fluid pressure. Hydraulic conductivity represents the cor-
responding target property. Mechanical impacts are divided in static and dynamic impacts.
Static impacts result from the local stress field and potential thermo-mechanical impacts. Dy-
namic impacts result from earthquakes. Mechanical target properties are e.g. the stiffness
of the materials. Chemical impacts are given by the geological setting at the actual sealing
location and the expected gases or brines. The composition of them influence the material
selection and can result in target properties for chemical composition of the usable materials.

1 Boundary 5
- concept
4 1
I- ol
2 3 . -
Impacts Materials

Figure 7.-1: lllustration of the design process for EBS, based on Sanders (2020).

The EBS design process for the RANGERS project considers existing preliminary designs as
developed in other R&D projects, too. The transfer of those concepts represent the step (4)
of the presented method, see Figure 7.-1. The considered shaft sealing concept is based on
Herold et al. (2020) and a design variation deduced from this. The considered drift sealing
concept is inspired by Bollingerfehr et al. (2018) with modifications of the long-term sealing
element. All concepts are described in the following sub-sections. The preliminary assess-
ment (6 in Figure 7.-1) as well as the full assessment (7 in Figure 7.-1) are prepared with the
RANGERS project.
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7.5 Reference shaft sealing concept for a repository in bedded salt formation
7.5.1 Reference design of the shaft seal

For shaft closure the shaft sealing concept developed within the ELSA 2 project (Herold et al.,
2020) and as a second option a slightly modification is considered. Both sealing concepts fol-
low the design principle of complete filling of the shaft column. The main sealing element
consists of bentonite (preferably dry-installed binary mixture of briquettes and granulate).
Equipotential segments are incorporated into the bentonite sealing element. The following
combinations are possible with the bentonite sealing element:

» Bentonite - bitumen/asphalt

+ Bentonite - saltclay mixture

A design with combinations of bentonite/clay with bitumen/asphalt is typically used for the clo-
sure of conventional mines with solution-filled mine workings. The transition between bitumen
and the binary bentonite mixture in the dry initial state is constructed from a low-permeable
intermediate layer of compacted fine-grained filler material (e.g. fine sand with limestone
powder, 0.1 pm to 1 mm, with a permeability (k) ranging from 10-"*m? to 10~'°m?). This
minimizes both the sinking of the bentonite pellets and powder into the viscous bitumen and
the penetration of bitumen into the pore space of the binary mixture. Combinations of the
binary bentonite mixture and compacted crushed salt-clay mixture are possible. Table 7.-1
summarizes the considered sealing elements and their sealing principles.
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Table 7.-1: Summary of considered sealing elements, principle of operation and design pa-

rameters
Material Sealing capacity of Contact zone EDZ
the material
Bitumen / Asphalt Impermeable for lig- if bitumen wets the wall and the Little effect (only if bi-

uids

wetting is maintained during the
application of liquid pressure, the
contact zone is tight.

tumen can penetrate
into cracks)

Salt-clay mixtures

Gas permeability
> 107" m?

Liquid  permeability
unknown

Influence on contact zone not yet
investigated (probably good con-
nection to rock face possible with

The installation of the
mixture has (proba-
bly) no influence on
the ALZ but cannot be

sufficient compaction)
excluded for dynamic
impulse compaction

Bentonite Liquid permeability <  Swelling pressures of 1 to 2 MPa  Reduction of EDZ
107" m? are possible for Ca-bentonite, permeability de-
provided that eV = 0. For in- pending on contact

situ structures, the swelling pres-
sures depend on the deforma-
tions actually occurring.

pressure

Reduction of the
permeability of the
ALZ depending on
the contact pressure

MgO-concrete
used in ELSA2)

(C3, Liquid permeability 2 -

107 "%t05-107 "8 m?

Tight connection to rock possi-
ble. Influence of the "expansion
pressures” of the MgO-concrete
not yet sufficiently investigated,
as these depend on the pos-
sible deformation of the MgO-
concrete.

Starting from the shaft sump, the deepest parts of the shaft as well as the subsurface landing
station will be filled with MgO-concrete. In this area the MgO-concrete fulfills abutment func-
tion. Above the landing station MgO-concrete is considered as sealing element. In this case
recuttig of the shaft contour is possible. In theory, thin asphalt layers or injections (e.g. sodium
silicate) can be added to improve sealing function, especially at the contact area but results of
the large borehole tests performed in Kudla and al. (2020) as well as experiences at the Asse
I mine (Heydorn et al., 2016) show that contact gap injections are not required for sealing el-
ements made of MgO-concrete. To guarantee chemical stability of the MgO-concrete a gravel
column filled with Mg-salt (e.g. Brucite) is installed above the MgO-concrete. Water intakes
from above will be saturated with Mg when it passes the gravel column. The gravel column
represents also an abutment for the bentonite sealing element. Above the bentonite a column
of compacted salt-clay mixture is installed. The location of the bentonite below the salt-clay
mixture should ensure a saturation of intake water with Na and provide a stable chemical
composition of the brine entering the bentonite. At the salt top a bitumen filled gravel column
will be installed, covering surrounded anhydrite and clay layers too. Table 7.-2 summarizes
the shaft sealing elements in the shaft, their position and their installation method for the ref-
erence shaft sealing concept. Inside the salt formation no shaft liner will remain. Recutting of
the contour (extensions of the diameter) are possible. Outside the salt formation and at the
salt top, a watertight liner is installed and will remain. In the area of the overburden a simple
gravel column will be installed. The following figures 7.-2 and 7.-3 illustrates the described
design. The next table summarizes the sealing properties of the different elements.
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Quaternary
Tertia

Water tight liner with
gravel column

Bitumen filled gravel column

Crushed salt and clay mixture
Bentonite

Gravel column filled with Mg-salts

MgO-concrete

Figure 7.-2: lllustration of the shaft sealing concept developed in Herold et al. (2020) (left) and
adapted to the actual geological situation at shaft 2 of the the generic reference model (right).

\ gravel column

{ -200m | l Red sandstone \
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(K3 — Ronnenberg potash Ji

NA3 - Leine rock salt

e
- A3 - Main Anhydrite | —————————
“ﬂ‘“am MVCRIES J\ K2 — Stalfurt potash

Bentonite

| Gravel column filled |
§ with Mg-salts

{600 m |

NA2 - StaBfurt rock salt | T —
- g0-concrete

Figure 7.-3: lllustration of the shaft sealing concept.
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Table 7.-2: Shaft sealing elements, position, material and installation method for the reference
shaft sealing system

Component Top (depth below Bottom (depth be- Construction material and in-
surface) low surface) stallation method
Bitumen-filled gravel 206 256 Similar to ERAM in-situ test, ma-
column terial properties from ELSA
Crushed-salt-clay- 256 334 Composition from ELSA 2, dy-
mixture namic impulse compaction
Bentonite 334 429 Ca-Bentonite Type “Saltzdet-

furth”,  binary mixture with
conventional compaction

Gravel column 429 705 Material like VSG, dumping by
pipe

MgO-concrete (seal- 705 755 Material like VSG, cast in place

ing element)

MgO-concrete (abut- 755 805 Material like VSG, cast in place

ment)

7.5.2 Optimization or alternative design of the shaft seal

Bentonite produces a swelling pressure and creates an active contribution to the sealing as
well as healing of the EDZ. Additionally the convergence of the host rock close EDZ over time.
The convergence increases with depth. If the bentonite is located in areas with less conver-
gence, the sealing properties could be improved because of the swelling pressure. The opti-
mization of the closure concept include a changed position of the bentonite and crushed salt
element. The bentonite will be located closer to the salt top. The crushed salt element below.
Unsaturated water is not able to dissolve the bentonite. Table 7.-3 summarizes the shaft seal-
ing elements in the shaft, their position and their installation method for the alternative shaft
sealing concept. When the water crosses the bentonite over time it will saturate and is not
able to solve the crushed salt, see Muller-Hoeppe et al. (2012b). The contact of unsaturated
water with bentonite have to be considered during the selection of the bentonite Figure 7.-4
and Figure 7.-5.
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Quaternary
-100 = Tertiar Water tight liner with
gravel column

Bitumen filled gravel column

Bentonite

Crushed salt and clay mixture

Gravel column filled with Mg-sa

Salt pillow

MgO-concrete

Figure 7.-4: lllustration of the alternative shaft sealing concept adapted to the geological situ-
ation at shaft 1 of the generic reference model.

gravel column

\ Red Sandstone \

[ NA4 — Aller rock salt ] ’ Bitumen filled gravel
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[ K2 — StaBfurt potash |

[ Crushed salt and clay
mixture
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" Gravel column filled |
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NA2 - StaRfurt rock salt

" MgO-concrete

Figure 7.-5: lllustration of the alternative shaft sealing concept.
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Table 7.-3: Shaft sealing elements, position, material and installation method for the alternative
shaft sealing system

Component Top (depth below Bottom (depth be- Construction material and in-
surface) low surface) stallation method

Bitumen-filled gravel 241 331 Similar to ERAM in-situ test, ma-

column terial properties from ELSA

Bentonite 331 488 Ca-Bentonite Type Saltzdetfurth,
binary mixture with conventional
compaction

Crushed salt-clay 488 588 Composition from ELSA 2, dy-

mixture namic impulse compaction

Gravel column 588 705 Material like VSG, dumping by
pipe

MgO-concrete (seal- 705 755 Material like VSG, cast in place

ing element)

MgO-concrete (abut- 755 805 Material like VSG, cast in place

ment)

The location of the two shaft sealing systems in the geological formation is illustrated in Fig-
ure 7.-6.

Figure 7.-6: lllustration of both shaft sealing concepts in the geological model used in
RANGERS.

7.6 Conceptual designs for drift sealing in HLW/SF repositories in salt

Conceptual designs for drift sealing in HLW/SF repositories are presented in Miller-Hoeppe
et al. (2012b); Bollingerfehr et al. (2018). Practical experiences in the construction of drift
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seals made of concrete are known e.g. from Asse Il mine, see Heydorn et al. (2016); Meyer
et al. (2019); Kohler et al. (2019).

The drift seals, as designed for the Gorleben site, considers two sealing elements made of
MgO-concrete. Both are covered by concrete based abutments to guarantee mechanical and
local stability. All elements are placed in a row and with direct contact to the rock, Figure 7.-7.
Bollingerfehr et al. (2018) consider in principle the same design, including concrete based
sealing elements and abutments. In between the sequence of sealing elements and abut-
ments, an additional long-term sealing element is considered. For a length of 300 m the
drift has to be backfilled with crushed rock salt. “The compaction of the crushed salt, which
is driven by salt creep, results in a very low permeability of the crushed salt over a certain
period of time. Evidence must be provided that sealing by the compacted backfill material
is fully developed by the time the performance of the engineered barriers can no longer be
demonstrated” (Bollingerfehr et al., 2018).

N raise \ raise
ide vi porenol® L porenole__]
Side view e drift stub P drift stub
e | _ =
i //E o oo E/ BN E Shern. Soni g/ Zi I " T access drift
support support  support support

Sealing element Sealing element

raise raise

o Eﬁg\g - drift stub ‘oo‘e“"fff ;’Nﬂ stub

V former face = W Shem. Stofs e % )
former face ehem. Sto 3 access drift

support support  support

Top view

Sealing element

Figure 7.-7: Conceptual design of the drift seal in Miller-Hoeppe et al. (2012b).

In conventional mining practices, including the Asse Il mine, the filling of concrete-based seal-
ing elements is typically achieved by drilling from an upper mine level down into the sealing
location. However, in the generic repository design, only a single mine level exists. To accom-
modate this constraint, an upwards-directed raise (see Figure 7.-7) has been proposed. This
design provides the necessary height difference for filling the sealing elements and ensures
the highest possible filling grade.

The roof of the sealing element is designed with a cone shape sloping towards the wells,
which terminate at the highest point of the roof in the center of the sealing element. This con-
figuration facilitates efficient concrete distribution. The spreading behavior of MgO-concrete
during filling has already been demonstrated for distances of up to approximately 25 meters
(Muller-Hoeppe et al., 2012b).

The total length of the sealing element is limited to 50 meters, allowing the concrete to flow
evenly in both directions from the center. This design ensures effective filling and minimizes
the risk of voids within the sealing element, optimizing its structural and sealing performance.

Using a raise and cope-shape roof represents a high additional technical effort during con-

struction of the sealing. To simplify the construction it is proposed to implement an inclination
at the sealing location, already during excavation. Highest point of the drift segment have to
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be located at the shaft side. Concreting will be done from this side. The flow angle of MgO-
concrete (e.g., A1-mixture form Asse Il mine (Miller-Hoeppe et al., 2012b)) is approximately
1.2°. If the drift has an inclination of 1.5° concreting can be done without the raise and a cone-
shape roof. The establishment of air pockets due to locally larger flow angles or roughness of
the roof can be avoided by concreting under pressure.

To enhance the speed of compaction of the crushed salt in the designated area of the long-
term seal, it is moistened before backfilling. The effect of accelerated creep of moistened
crushed rock salt was demonstrated successfully in laboratory scale (Buhmann et al., 2008).
Experience from mining industry and Asse Il mine point to the fact, that in large scale or indus-
trial scale the moisture will not stay in a homogeneous distribution. It is known that a gravity
driven separation will occur and moisture accumulate at the drifts floor. A technical solution to
avoid this separation represents the use of salt-clay mixtures, similar to shaft sealing (Kudla
and al., 2020). A premixed blend offers a homogeneous distribution of clay and connected wa-
ter in the salt and provides an additional sorption capacity by the clay. The installation of the
salt-clay mixture can be done with the same methods as the pure crushed rock salt is installed.
DBE (1995) successfully demonstrated the backfill installation with slinger technique. Com-
parable backfilling methods are also known from other repository projects. To minimize the
occurrence of roof gaps, SKB tested backhoe loaders and vibro-plates to compact the backfill
during installation, see Figure 7.-8. Kudla and al. (2020) tested the use of conventional vibro-
plates in preparation of shaft sealing successfully, too. This method could be suitable for the
installation of mixtures of crushed salt and clay. The technical feasibility of this technology was
tested by Pétzsch et al. (2018), see also (Pétzsch, 2021), for the installation of crushed salt
mixed with polyhalite. An evidence (experimental or large scale) for the use of vibro technique
to compact salt-clay mixtures in drifts is currently missing.

Figure 7.-8: left: In situ experiment backfill compaction (SKB IPR-01-17), right: lllustration of
compaction within inclined layers of backfill material in a drift (SKB R-06-71).

7.7 Reference drift sealing concept for a HLW-repository in salt

The drift sealing system designed within the scope of the RANGERS project comprises a
combination of abutments, drift seals, and a long-term crushed salt seal. In the repository
concept presented here, four drift sealing systems are strategically located in the two main
drifts, effectively closing all access to the emplacement wings.

Each drift seal incorporates two sealing elements made of MgO-concrete, which are securely

bound by concrete-based abutments to ensure mechanical stability and maintain their posi-
tions. MgO-concrete is also chosen for the abutments due to its geochemical stability, which
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complements the surrounding rock environment. All components are installed in direct contact
with the host rock to enhance sealing performance.

As recommended by Kock et al. (2012), the excavation-damaged zone (EDZ) should be re-
moved to the extent possible immediately before the installation of the drift sealing system. In
the construction area, the EDZ is expected to extend between 10 and 30 cm. Any residual
damage zone that remains after removal can be sealed using injections if necessary, ensuring
the integrity of the sealing system.

Between the sequence of MgO-concrete sealing elements and abutments, an additional long-
term sealing element made of crushed salt is included. This crushed salt is enriched with clay
admixtures to partially fill the pores, reducing permeability in the early compaction stages and
accelerating the process of achieving a fully compacted state. However the effectiveness of
this novel crushed salt-clay material still requires further validation.

The long-term seal extends over a length of 300 meters between the drift seals. Each MgO-
concrete seal, including its abutments, has a total length of 115 meters, ensuring robust
containment. The overall design ensures that the sealing system provides itself a diverse
and redundant multi-barrier system, leveraging both mechanical and geochemical stability for
long-term repository safety.

The drift sealing system is specifically designed to function under the unique conditions of a
salt repository. This comprises:

» Mechanical Stability: The concrete-based abutments provide structural support, ensur-
ing that the MgO-concrete sealing elements remain fixed under geological and opera-
tional stresses.

» Geochemical Compatibility: The use of MgO-concrete reduces the risk of chemical in-
teractions with the expected inflowing waters, preserving the integrity of the seals over
long timescales.

» Long-Term Isolation: The crushed salt seal, with or without clay admixtures, compacts
under geological pressure to provide an impermeable barrier, isolating the repository
from surrounding environments.

Figure 7.-9 illustrates the proposed design of the drift sealing system as installed in the main
drifts. This multi-component system ensures effective containment of radioactive waste, with
redundancy provided by the combination of MgO-concrete seals and the long-term crushed
salt seal.

While the proposed concept introduces the crushed salt-clay mixture as an innovative seal-
ing material, further research is essential to validate its performance. Experimental studies
are required to demonstrate its enhanced compaction capabilities, achieving sufficiently low
permeability values at low porosities. Additionally, numerical investigations should focus on
developing robust constitutive material models that accurately capture the mechanical and
hydraulic behavior of the mixture under repository-relevant conditions.
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Sealing elements and abutments made of MgO-concrete J

Long-term sealing made of
| crushed salt-clay mixture

Figure 7.-9: lllustration of the drift sealing concept as designed for the RANGERS case study.
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8. FEP and Scenarios for EBS
8.1 Fundamentals
8.1.1 Linkage between integrity proof of EBS and FEP / scenarios

The methodology for integrity proof of the Engineered Barrier system (EBS) is fixed in tech-
nical regulations and has to be linked with the methodology for long term safety assessment
(incl. FEP and scenarios). Therefore the impacts, loads and load resistances as well as de-
sign situations of the technical functional proof have to be assigned to FEP and scenarios.
Thus components of the geotechnical barriers can be dimensioned using the partial safety
factors method.

In the R&D project RANGERS, two categories of FEP lists as descriptions of repository system
evolution are provided:

+ a more general FEP list giving a comprehensive description of repository system and

+ two specific FEP lists for the nearfield of the geotechnical barriers

The compilation of a comprehensive FEP catalog for a repository system is a quite extensive
task and exceeds the scope and purpose of the RANGERS project. Therefore it is obligatory
to rely on the FEP catalog and the combined scenarios from a former project as an example.
For Germany, the only adequate project on HLW-disposal in a salt dome structure is the
Preliminary Safety Assessment for the Gorleben Salt Dome (VSG) (Wolf et al., 2012). For US
only generic studies on HLW disposal in salt formations are available.

One objective of the project was to analyze an existing generic numerical model of a salt pillow
that has been developed for the R&D project KOSINA (Vélkner et al., 2017b). The geological
structure of this model differs from the structure of the Gorleben salt dome, but the geological
formations are identical and the layout of the repository mine with drift emplacement is similar.
For the KOSINA project, neither a FEP catalog nor a scenario development have been pre-
pared. But in principle, FEP catalogs for HLW repositories in salt formations are quite similar.
There are only very few FEP that are site specific and not relevant for other sites. Differ-
ences only become apparent when details of specific characteristics of features or processes
are analyzed. The main objective of the RANGERS project is to develop a methodology and
procedure for performance assessment as well as to test their applicability and functionality.
Therefore an exemplary investigation has to be done and some small discrepancies between
the description of the repository system and its evolution and the numerical model are tolera-
ble.

The descriptions of the RANGERS FEP will be done on a very general level and site-specific
FEP of the Gorleben salt dome, that are not relevant for the KOSINA model, will be excluded.

The more detailed FEP lists for the nearfield of the geotechnical barriers have been adapted
and specified according to the requirements of the EBS performance assessment.
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8.1.2 Features, Events and Processes

A FEP list gives a summary of features characterizing the initial properties of a repository
system at the end of the operational period and relevant information on events and processes
which might influence the future evolution of the repository system. In the context of a safety
assessment, the FEP list is highly relevant as it is the connecting link between the fundamen-
tals (site description, geoscientific long-term prognosis and radioactive waste inventory), the
repository concept, and the system analysis. Apart from the compilation of the most relevant
basics, the FEP list reflects the interrelation between the site specific conditions and the mod-
ifications resulting from the disposal of radioactive waste. Therefore it is a sound basis for
scenario development, for process analyses, for demonstrating the integrity of geological and
geotechnical barriers and for the analysis of the radiological consequences. In the context of
the RANGERS requirements, first a comprehensive FEP-list for the whole repository system
has to be considered. For specific analysis of the boundary conditions in the nearfield of the
geotechnical barriers it is useful to extract specific, detailed FEP lists for the corresponding
subsystems.

The German state-of-the-art in FEP and Senarios has been developed in R&D projects ISIBEL
/ VSG (Bollingerfehr et al., 2013) and ANSICHT (Lommerzheim et al., 2019) as well as most
recently in the documents for the license application for closure of the ERAM repository (not
yet published). Objectives for the methodology are to reflect all relevant future evolutions
as comprehensively as possible. Furthermore scenarios will be derived systematically and
transparently from the FEP catalog. Measures to increase completeness of a FEP list are:

+ a comparison with the NEA-FEP database which is a compilation of numerous interna-
tional FEP lists from different host rocks,

 bottom-up and top-down approaches to identify relevant FEP,
+ plausibility checks of the sequences and inter-dependencies of the FEP as well as

+ consideration of indications from the geoscientific long-term prognosis, the scenario
development and the process analyses.

Basic principle for all FEP lists (incl. the NEA-FEP-list) is their composition from two major
FEP-groups:

« the “features” or “components”, that describe all elements of the repository system, and

« the “processes” (and “events”), that affect the components and describe the future evo-
lution of the repository system.

With regard to the definition of FEP there is a broad scope of discretion: e.g. it is possible
to describe one component in one FEP or to define each element or each property of the
component in a separate FEP. So the NEA-FEP-list is very detailed with a high degree of
itemization. In German projects, an intention was to define FEP in such a manner that the FEP
are clearly separated and overlaps are avoided. Furthermore “components” including their
proper-ties are completely described in one FEP. Looking at the interaction between the FEP
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in causal sequences, a direct interaction between two “components” is not possible, but only
via connecting “processes”. So a “process” may influence the properties of a “component”,
and vice versa (e.g. the process “concrete corrosion” modifies the chemical, mechanical and
hydraulic properties of the component “drift seal” and, conversely, the chemical and hydraulic
properties of the "drift seal" influence the intensity of "concrete corrosion”).

Two FEP-categories, that are parts of the NEA-FEP-list, were excluded from the German-
FEP-lists due to regulatory reasons: “features/processes of the biosphere” and “future human
actions”. A basic reason is, that neither a prognosis of the future biosphere nor of future human
actions is possible and therefore corresponding FEP cannot be defined. The assessment
of radionuclide release in future biosphere and the evaluation of potential human intrusion
scenarios will be handled by stylized scenarios defined by the regulator.

8.2 Description of repository system by FEP

To be comparable with the US data for layered salt formations, the RANGERS project relies on
data for the KOSINA project that focused on layered and pillow-like salt formations. Geology,
repository concept and numerical models are described in chapters 5. and 6.. But neither
for this geology nor for that repository concept a FEP catalog has been developed in the
KOSINA project. Due to the limited capacity in the RANGERS project it was not possible to
develop a special FEP catalog for German flat bedded salt formations. Therefore the FEP
catalog relies on the VSG FEP catalog with exchange of Gorleben specific FEP by KOSINA
specific FEP. Looking at the RANGERS specific tasks, the repository system description has
been restricted to a FEP list with a short description of the FEP meaning. The dependencies
between the FEP are not given here but can be from the VSG FEP catalog (Wolf et al., 2012).
The structure of the FEP catalog has been updated to the recent state-of-art as given by the
ANSICHT (Krull et al., 2004; Reinhold et al., 2008; Vélkner et al., 2017a; Liu et al., 2017) and
ERAM projects (not yet published), see Table 8.-1.

Table 8.-1: FEP-list of the RANGERS-specific repository system in a salt
pillow

FEPNo | FEP Name | Description
Processes with direct impact on EBS function (= Initial-FEP) are red marked.

Processes with impact on radionuclides mobilization and transport are green marked

Compartment Geosphere

Features

2.2.02.01 | Host rock Describes the chemical, hydraulic, mechanical and
thermal properties of the host rock at the time of
repository closure (Volkner et al. 2017). Salt pillar
includes StaB3furt, Leine, Aller and Ohre formations.
thickness of disposal formation (Hauptsalz) up to 600
m at repository level

2.2.02.02 | Faults and joints in the host rock Describes the chemical, hydraulic, mechanical and
thermal properties of the faults and joints in the host
rock (Volkner et al. 2017). They are relevant for
carbonate, anhydrite and clay formations.

2.2.03.01 | Adjacent rocks Describes the chemical, hydraulic, mechanical and
thermal properties of over (Bunter, Tertiary,
Quaternary) and underlying (Red Formation) rocks at
the time of repository closure (Vélkner et al. 2017).
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FEP No FEP Name

Description

2.2.04.01 | Faults and joints in the adjacent rocks

Describes the chemical, hydraulic, mechanical and
thermal properties of the faults and joints in the
adjacent rocks (VOlkner et al. 2017). Important in
consolidated rocks (Bunter, Red Formation)

2.2.07.01 | Fluids in the host rock

describes the quantities and the chemical properties
of brine and hydrocarbons in the intergranular
crystall framework. Furthermore fluids are often
accumulated in faults and joints of anhydrite and
carbonate layers and due to permeation processes
they may intrude from the top of salt formation or
underlying formations (Liu et al. 2018)

2.2.07.02 | Gas in the host rock

describes the quantities and the chemical properties
of free gases or adsorbed gases at crystal
boundaries and gaseous hydrocarbons. Furthermore
gases are often accumulated in faults and joints of
anhydrite and carbonate layers and due to
permeation processes they may intrude from the top
of salt formation or underlying formations (Liu et al.
2018)

2.2.08.01 | Fluids in the adjacent rocks

describes the quantities and the chemical properties
of pore water and water on faults and joints of
competent formations (Liu et al. 2018).

2.2.08.02 | Gas in the adjacent rocks

describes the quantities and the chemical properties
of free gases or adsorbed gases in pores and
gaseous hydrocarbons (Liu et al. 2018)

2.3.01.01 | Geomorphology

The relief and shape of the surface environment and
its potential evolution with time

2.3.04.01 | Surface Water

Characteristics of rivers and lakes and their potential
evolution

Events and Processes

Geologic and climatic processes

1.2.01.01 | Neotectonic movements

Describes recent tectonic movements resulting in
deformations in geosphere that characterize the
recent stress field of the region.

1.2.01.03 | Vertical movements of lithosphere

Describes very slow, large-scale epirogenetic
movements (up or down-lift) of the lithosphere due to
the underlying movement of the crustal plates.

1.2.02.01 | Crustal deformation

Describes deformations of geosphere that are not
caused crustal plate movements, e.g. isostatic
movements

1.2.03.01 | Earth quake

Release of accumulated geologic stress via rapid
relative movements in the geosphere

1.2.07.01 | Erosion

Include processes for disintegration of sediments
and transport of erosion products.

1.2.07.02 | Sedimentation

Deposition of particles from a transport medium.

1.2.08.01 | Diagenesis

Transformation of sediments by compaction,
cementation and crystallization.

1.2.09.01
Salt diapirism

Uplift of salt formations from deep geological levels
due to high overburden pressure, fractures and
tectonic movements, thick salt formations and low
density of salt.

1.2.09.02
Subrosion

Salt solution at contact between unsaturated
groundwater and salt formations

1.3.01.01

Global climate change

Long term evolution of climate
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FEP No FEP Name Description

1.3.03.01 | Transgression and regression Offshore or onshore relocation of the coast line.

1.3.04.01 | Permafrost Permanent freezing of soil and near surface rock
formation during glacial periods

1.3.04.02 | Cryogenic fractures Fractures in soil and near surface rock formations
due to climate induced freezing and resulting
thermo-mechanical stresses

1.3.05.01 | Effects of glaciers and ice sheets Includes processes like exaration (glacial erosion)
and glacial loading

1.3.05.03 | Periglacial channeling Below a glacier, melting water may erode glacial
channels.

1.5.03.01 Channeling in a borehole seal

Pathways in exploration drillings

Mechanical processes

2.2.06.01

Mechanical stress changes

Describes the transition of tension resulting from an
increase or decrease of tension in the rocks or a
component of the repository.

Hydraulic processes

2.1.07.02 Describes a change of fluid pressure because of
Fluid pressure change changes of tension in components / rocks or fluid
flow processes.
2.2.07.03 | Groundwater flow in the overburden rock | Describes the liquid flow in overburden rock because
of potential gradients.
2.2.07.04 | Gas flow in the overburden rock Describes the liquid flow in overburden rock because
of potential gradients.
2.2.07.05 | Groundwater flow in the host rock Describes the liquid flow in host rock because of
potential gradients.
2.2.07.06 | Gas flow in the host rock Describes the liquid flow in host rock because of
potential gradients.
2.2.08.01 Summarizes all kind of transport processes of
Liquid-mediated transport of radionuclides in liquids
radionuclides
2.2.08.02 Summarizes all kind of transport processes of

Gas-mediated transport of radionuclides

radionuclides in gases

Chemical-microbiological processes

2.1.09.02 Dissolution describes transition from solid phase to
Dissolution and precipitation of salt liquid. Precipitation is the inverse process.
minerals

2.2.09.01 | Microbial processes in the host rock and | Summarizes all microbial processes in the host rock

the overburden formations

and in the adjacent rocks.

Thermal processes

2.2.10.01 | Thermally-induced uplift of the Uplift of salt formation and overburden rocks due to
overburden rock thermally induced volume changes

2.2.10.02 Volume change resulting from temperature change.
Thermal expansion or contraction

2.2.10.03 | Heat flow Temperatures in geosphere are influenced by

geothermal, climate and heat generating waste

Compartment: Shafts, infrastructure area and connecting drifts

Features
2.1.04.01 | Backfill Describes the chemical, hydraulic, mechanical and
thermal properties of the backfill at the time of
repository closure (Bertrams et al. 2018).
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FEP No FEP Name

Description

2.1.05.01 | Borehole seals

Describes the chemical, hydraulic, mechanical and
thermal properties of borehole seals for exploration
drillings at the time of repository.

2.1.05.02 | Shaft seals

Describes the chemical, hydraulic, mechanical and
thermal properties of the shaft seal at the time of
repository closure. The contact zone *) has been
enclosed in the FEP (chapt. 3.5.3).

2.1.05.03 | Drift seals

Describes the chemical, hydraulic, mechanical and
thermal properties of a drift seal at the time of
repository closure (Bertrams et al. 2018). The
contact zone *) has been enclosed in the FEP.
(Chapt. 3.5.4)

2.1.06.01 | Technical installations

Installations remaining in the repository after closure,
e.g. rock bolts, cables, shaft/drift lining *), roadway
etc. and summarizes their properties

2.1.08.03 | Liquids in mine excavations

describes the quantities and the chemical properties
of liquids from waste, from construction material and
from inflow of the surrounding rocks or via the
shafts/ramp

2.1.12.02 | Gas in mine excavations

describes the quantities and the chemical properties
of mine air and gas from metal corrosion and
microbial degradation of organic matters and from
inflow of the surrounding rocks

2.2.01.01 | Excavation disturbed zone (EDZ)

Tension redistribution in the geosphere results in the
disintegration of a rock zone close to the mine
openings. This FEP also includes concrete injections
*) to reduce the hydraulic conductivity of EDZ.

*) separate FEP in subsystem description (chap. 6.3) for detailed analysis

Processes

Mechanical processes

2.2.06.01 Describes the transition of tension resulting from an
Mechanical stress changes increase or decrease of tension in the rocks or a
component of the repository.
2.2.06.02 Reduction of void volume by rock creeping.
Convergence
2.1.07.03 | Compaction of crushed salt Describes the slow consolidation of crushed salt.
Compaction results in a solidification and a reduction
of porosity. Initiating processes are gravity forces and
the load from surrounding geosphere.
2.1.07.04 Describes not thermal induced volume or pressure
Swelling, shrinking and creeping of changes of concrete.
concrete
2.1.08.08 Means the adsorption and release of water from the
Swelling and shrinking of bentonite crystal interim layer of clay minerals
2.1.07.07 Describes a change of seal position in comparison
Displacement of the shaft seals with construction site
Hydraulic processes
2.1.07.02 Describes a change of fluid pressure because of
Fluid pressure change changes of tension in components / rocks or fluid
flow processes.
2.1.08.06 | Liquid intrusion into mine excavations Inflow of liquid from host rock or adjacent formations
2.1.08.07 Describes the liquid flow because of potential
Liquid flow in mine excavations gradients.
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FEP No FEP Name Description

2.1.08.08 Describes gas flow because of potential gradients
Gas flow in mine excavations

2.1.08.04 Generation of flow paths by inhomogeneous
Channeling in crushed salt compaction or swelling or erosion of backfill

2.1.08.05 Generation of flow paths by inhomogeneous
Channeling in sealing components compaction or swelling or erosion of concrete /

bentonite

2.2.07.01 Summarizes all kind of transport processes of
Liquid-mediated transport of radionuclides in liquids
radionuclides

2.2.07.02 Summarizes all kind of transport processes of

Gas-mediated transport of radionuclides

radionuclides in gases

Chemical-microbiological processes

2.1.09.02 Dissolution describes transition from solid phase to
Dissolution and precipitation of salt liquid. Precipitation is the inverse process.
minerals

2.1.09.03 Describes the electrochemical reaction of metals
Corrosion of metal with surrounding fluids and resulting gas generation

2.1.09.06 Describes the chemical degradation of concrete
Corrosion of cement- or sorel-based
materials

2.1.09.07 Describes the mineralogical and chemical
Solution, transformation and transformation of clay minerals (in shaft seals) due to
regeneration of clay minerals changes in hydrochemistry

2.1.09.08 Anhydrite (water-free Ca sulfate) is alterated by water
Alteration of Anhydrite and Gypsum with formation of gypsum (Ca sulfate-Dihydrate). In
formation the course of this exothermal reaction, the volume of

the solid phase significantly increases.

2.1.10.02 Summarizes all microbial processes in the mine
Microbial processes in the repository excavations including the EDZ.

Events

2.1.07.05 Failure of a shaft seal during the functional lifetime by
Early failure of integrity of a shaft seal chemical, mechanical, hydraulic or thermal impacts.

2.1.07.06 Failure of a drift seal during the functional lifetime by

Early failure of integrity of a drift seal

chemical, mechanical, hydraulic or thermal impacts.

Compartment: disposal areas

Features

2.1.01.01 | Inventory: Radionuclides

compiles the composition, activity and quantities of
the radionuclides enclosed in the radioactive waste
at the time of emplacement. (Bertrams et al. 2015)

2.1.01.02 | Inventory: Metal compounds

compiles the chemical composition and quantities of
all metal components in the repository mine
(Bertrams et al. 2015)

2.1.01.03 | Inventory: Organic compounds

compiles the chemical and microbial composition
and quantities of all organic matter in the repository
mine (Bertrams et al. 2015)

2.1.01.04 | Inventory: Other compounds

compiles the chemical composition and quantities of
other materials in the repository mine (e.g. graphite
(for AVR/THTR spent fuel and neutron moderator of
disposal casks), concrete for mine installations and
geotechnical barriers) (Bertrams et al. 2015, 2018)
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FEP No FEP Name

Description

2.1.02.01 | Waste matrices

Describes the chemical, hydraulic, mechanical and
thermal | properties of the waste matrices (e.g.
metal, borosilicate glass) at the time of emplacement
(Bertrams et al. 2015).

2.1.03.01 | Spent fuel containers

Describes the composition and properties of
POLLUX and CASTOR casks that ensure the waste
containment during the operation period and at least
500 a during the post closure phase (Bertrams et al.
2015).

2.1.03.02 | Other disposal containers

Describes the composition and properties of
POLLUX and CASTOR casks for reprocessing waste
and MOSAIK cask for structural parts from
conditioning of spent fuel elements that ensure the
waste containment during the operation period and
at least 500 a during the post closure phase
(Bertrams et al. 2015)

2.1.08.03 | Liquids in mine excavations

describes the quantities and the chemical properties
of liquids from waste, from con-struction material and
from inflow of the host rock (Liu et al. 2018)

2.1.12.02 | Gases in mine excavations

describes the quantities and the chemical properties
of mine air and gas from metal corrosion and
microbial degradation of organic matters and from
inflow of the host rock (Liu et al. 2018)

Mechanical processes

2.2.06.01 Describes the transition of tension resulting from an
Mechanical stress changes increase or decrease of tension in the adjacent rock
or a component of the repository.
2.1.07.01 Reduction of void volume by rock creeping.
Convergence
2.1.07.03 | Compaction of crushed salt Describes the slow consolidation of crushed salt.

Compaction results in a solidification and a reduction
of porosity. Initiating processes are gravity forces and
the load from surrounding geosphere.

Hydraulic processes

2.1.07.02 Describes a change of fluid pressure because of
Fluid pressure change changes of tension in components / rocks or fluid
flow processes.
2.1.08.06 | Liquid intrusion into mine excavations Inflow of liquid from the host rock
2.1.08.07 Describes the liquid flow because of potential
Liquid flow in mine excavations gradients.
2.1.08.08 Describes gas flow because of potential gradients
Gas flow in mine excavations
2.1.08.04 Generation of flow paths by inhomogeneous
Channeling in crushed salt compaction or swelling or erosion of backfill
2.2.11.01 If fluid pressure exceeds the smallest main stress in
Pressure-induced fluid infiltration into salt rock, the permeability will be locally increased by
the salt rock expansion of the pore structure and fluids can
infiltrate the rock.
3.2.07.01 Summarizes all kind of transport processes of
Liquid-mediated transport of radionuclides in liquids
radionuclides
3.2.07.02 | Advection Transport of dissolved substances by fluid flow
3.2.07.03 | Dispersion Distribution of dissolved substances by

inhomogeneous flow velocities in porous media.
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Gas-mediated transport of radionuclides

FEP No FEP Name Description

3.2.07.04 | Diffusion Stirring of different substances by BROWN molecular
movements

3.2.08.01 | Lifting or sinking of waste packages Compilation of processes that may result in a
displacement of waste packages from their
emplacement position.

3.2.09.01 Summarizes all kind of transport processes of

radionuclides in gases

Thermal processes

Thermochemical sulfate reduction

2.1.11.01 | Heat flow Means the energy transport as a result of
temperature differences.
2.1.11.02 Volume change resulting from temperature change.
Thermal expansion or contraction
2.1.11.03 | Vaporisation of water Describes the transition from liquid to gas depending
from the composition of the liquidl, the pressure and
the temperature
2.2.10.02 | Thermomigration Migration of liquid the host rock induced by the
temperature field in the surroundings of the disposal
areas.
2.2.10.03 Carnallite has a high content of crystal water that will
Thermal degradation of carnallite be released with increasing temperatures at several
hydration steps
2.2.10.05 Redox reaction of organic matters or molecular

hydrogen with sulfate at high temperatures
generating carbonate, sulfide, water, hydrogen
sulfide or carbon dioxide.

Chemical-biological processes

2.1.09.02

Dissolution and precipitation of salt
minerals

Solid material may be partly or completely dissolved.
For halite it will be a congruent dissolution, for
complex salt minerals or construction or waste
materials it may be an incongruent dissolution. If
solubility limits are exceeded, dissolved materials
may precipitate.

2.1.09.03

Corrosion of metal

Describes the electrochemical reaction of metals
with surrounding fluids and resulting gas generation.
If contaminated metal components (e.g. waste
canisters, structural part from spent fuel
conditioning,) the process contributes to RN
mobilization

2.1.09.04

Corrosion of spent fuel

Chemical processes resulting in a degradation of the
spent fuel matrix

2.1.09.05

Corrosion of glass

Chemical alteration of the borosilicate matrix of
reprocessing waste by interaction with liquids

2.1.09.06

Corrosion of cement- or sorel-based
materials

Describes the chemical degradation of concrete

2.1.09.07

Corrosion of graphite waste

Chemical alteration of the graphite matrix of research
reactor fuel and moderator/reflector material by
interaction with liquids

2.1.09.08

Hydrogen induced embrittlement

The intrusion of hydrogen in metal structures results
in a modification of the mechanical properties.

2.1.10.01

Degradation of organic compounds

Describes the alteration of man-made (waste,
cables, pipes etc.) and natural organics by chemical
processes
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FEP No FEP Name

Description

2.1.10.02 | Microbial processes in the repository

Summarizes all microbial processes in the mine and
in the surrounding rocks

3.2.03.01
Sorption and desorption

Sorption describes the physico-chemical interaction
of dissolved species with a solid phase. Desorption
is the opposite effect.

3.2.04.01
Colloids

Generation of colloids and their filtration during
transport

3.2.05.01
Complexation

Impact of complexing agents on the radioactive
waste

2.1.12.04
Deflagration and explosion of gases

Mixtures of ignitiable gases and oxygen can
deflagrate or detonate if lighted

Radiological Processes

2.1.13.01 | Radiation-induced activation

Generation of radioactive isotopes due to nuclear
reaction after absorption of neutrons

2.1.13.03 | Radiolysis

Radiolysis of water within a waste package can
produce hydrogen, oxygen and hydroxide peroxide.

2.1.14.01 | Nuclear criticality

Fissile substances are arranged in such a manner
that a self-preserving nuclear reaction can take
place.

3.1.01.01 | Radioactive decay and ionizing radiation

Spontaneous transformation of instable atomic nuclei
combined with the emission of characteristically
ionizing radiation

3.2.01.01
Mobilization of radionuclides

The processes that directly affect the mobilization of
radionuclides from the waste form once the waste
container has failed

Events

2.1.03.03
Failure of a spent fuel container

Failure of waste container as a consequence of
undetected construction failures or impact of
chemical, mechanical, hydraulic or thermal
processes with design exceeding intensity during the
functional period.(500 a). Starting point for RN
mobiliozation

2.1.03.04
Failure of another waste container

Failure of waste container as a consequence of
undetected construction failures or impact of
chemical, mechanical, hydraulic or thermal
processes with design exceeding intensity during the
functional period.(500 a). Starting point for RN
mobiliozation

8.3 Description of subsystems

For detailed investigations on EBS design and integrity a precise description of the surround-
ings of EBS (subsystem) and of all included components as well as the identification of pro-
cesses that directly impair the EBS are necessary.

For characterization of the components material properties (mineralogy, geochemistry, den-
sity, solubility, plasticity, heat conductivity, porosity, permeability, effective strength etc.), con-
struction properties (e.g. volume, geometry (length, width and high), surface properties, fis-
sures etc.) as well as state variables (e.g. temperature, effective strength, microbes etc.) have

to be analyzed.
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To evaluate the loads that are impacting the EBS, the properties and intensity of the affecting
FEP (called initial FEP) have to be determined by analyzing all components and processes
that influence those FEP. In this context the FEP list can identify the interacting FEP and
describe them qualitatively. To specify the properties and the intensity of processes, numerical
process analyses are necessary.

8.3.1 Subsystem Nearfield of Shaft Seal

The subsystem “nearfield of shaft seal” is part of the compartment “Shafts, infrastructures and
connecting drifts” (see Table 8.-1). It comprises the shaft column (incl. EDZ), the construction
materials (incl. corrosion materials), fluids, all shaft installations (incl. seals, backfill, lining)
and the shaft landing (Herold et al., 2020) as well as adjacent parts of the geosphere and bio-
sphere (Keller et al., 2021b), see Figure 8.-1. The components of the nearfield are influenced
by numerous mechanical, hydraulic, chemical and thermal processes initiated in the farfield.
So mechanical loads not only result from lithostatic pressure but from modifications of geo-
sphere stress field by tectonic movements (e.g. subsidence, uplift), earth quake or processes
like glaciation, erosion and sedimentation. Because this subsystem cuts through the whole
geological sequence, not only the host rock but also the aquifers in the overburden formations
and the underground facilities are linked. Therefore a broad spectrum of hydraulic impacts is
possible — from the overburden, anhydrite reservoirs and brine pockets in the salt formations
and fluids that are squeezed out from the underground excavation via the infrastructure area
to the shafts. Therefore liquids with a broad spectrum of hydrochemical properties have to
be considered and different levels of fluid pressure. Intensive gas generation due to metal
corrosion may significantly increase fluid pressure. Due to the distance between the disposal
areas and the shafts there will be only a limited increase of temperature but significant ther-
momechemical stresses may occur. A compilation and short description of all relevant FEP of
the subsystem is given in Table 8.-2. For processes their potential impact on EBS as well as
an itemization of affected components is given. FEP that are excluded in a screening process
due to their low probability and/or intensity are not mentioned.
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Figure 8.-1: Nearfield model for the shaft seal, FEP in italics.
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Table 8.-2: FEP lists for the subsystem “Shaft seal”. Processes that may directly affect the EBS function (Initial FEP)

are red marked.

Subsystem Shaft

FEP (No. referring to the
components mentioned
in right column)

Description

Direct impact of processes on barrier function
and other shaft components

Components

1 Shaft seal

Describes the chemical, hydraulic, mechanical and
thermal properties of the shaft seal at the time of
repository closure. Shaft seals consist of abutments
and sealing elements. The construction materials
(salt concrete, magnesia concrete, bentonite,
clay/salt mixture, asphalt) are adapted to the
surrounding geology and the chemical impact of
circulating groundwater.

2 Shaft lining

Describes the chemical, hydraulic, mechanical and
thermal properties of the shaft lining that is
restricted to the overburden formations and to the
top of the host rock. Shaft lining is designed to
function during operation period. After closure shaft
lining will fail after a few decades.

3 Shaft backfill

Describes the chemical, hydraulic, mechanical and
thermal properties of the shaft backfill (gravel
column) on top of the shaft seal. The Uppermost
parts the shafts have to be backfilled in compliance
with mining regulations.

4 Concrete corrosion
products

Describes the chemical, hydraulic, mechanical and
thermal properties of the concrete corrosion
products of the shaft seal, concrete lining, injections
and borehole seals

5 Metal corrosion products

Describes the chemical, hydraulic, mechanical and
thermal properties of the metal corrosion products
(e.g. steel shaft lining).

6 Contact Zone

Describes the geometry and the hydraulic properties
of the void volume between the barrier and the drift
contour. May be sealed by concrete injections or by
salt creeping (convergence)

7 Excavation damaged
zone in the overburden
formations

Describes the chemical, hydraulic, mechanical and
thermal properties of the EDZ at the time of
repository closure. The properties and extent of
EDZ depend on the rock properties and the
stabilization measures (lining). Fissures of EDZ may
be closed by convergence.

8 Excavation damaged
zone in host rock

Describes the chemical, hydraulic, mechanical and
thermal pro-perties of the EDZ at the time of
repository closure. The properties and extent of
EDZ depend on the rock properties and the
stabi-lization measures (lining). Fissures of EDZ
may be closed by convergence.

9 Liquids in shaft

This FEP describes the quantities and the chemical
properties of the liquids (groundwater and
hydrocarbons in the shaft column incl. EDZ/contact
zone,

10 Gases in shaft

This FEP describes the quantities and the chemical
properties of free gases and gaseous hydrocarbons
in the shaft and the EDZ/contact zone.
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Subsystem Shaft

Process Group

FEP (No. referring to the
components mentioned
in right column)

Description

Direct impact of processes on barrier function
and other shaft components

11 Concrete injections

Describes the chemical, hydraulic and mechanical
properties of the injection material. Concrete
injections may be used to seal contact zone, EDZ
and fractures in surrounding rocks.

£0-G2¢0c¢ 041 3949

12 Exploration and
monitoring drillings

Describes the chemical, hydraulic, mechanical and
thermal pro-perties of backfilled drillings arranged at
the shaft contour to explore or monitor the
surrounding host rock, overburden formations. The
backfilling material is adapted to the surrounding
geology and the chemical impact of circulating
groundwater.

13 Overburden formations

Describes the chemical, hydraulic, mechanical and
thermal properties of the overburden formations at
the time of repository closure

14 Fractures and faults in
the overburden Formations

Describes the chemical, hydraulic, mechanical and
thermal properties of fractures and faults and their
mineralization in the overburden formations at the
time of repository closure

15 Liquids in the
overburden formations

This FEP describes the quantities and the chemical
properties of the liquids in the overburden
formations. The geological formations may include
several aquifers with different hydrochemistry as
well as hydrocarbon reservoirs.

16 Gases in the overburden
formations

This FEP describes the quantities and the chemical
properties of the gases in the overburden
formations. Most common gases are CO2, N2 and
CH4.

17 Host rock

Describes the chemical, hydraulic, mechanical and
thermal properties of the host rock at the time of
repository closure.

18 Fractures and faults in
host rock

Describes the chemical, hydraulic, mechanical and
thermal properties of fractures and faults and their
mineralization in the hostrock at the time of
repository closure

19 Liquids in host rock

This FEP describes the quantities and the chemical
properties of the liquids in the hostrock. Apart from
very small fluid inclusions in salt and fractured
anhydrite formations are potential reservoirs.
Liquids in salt formations include brine (in
equilibrium with surrounding salt) and hydrocarbons.

20 Gases in host rock

This FEP describes the quantities and the chemical
properties of the liquids in the hostrock. Apart from
very small fluid inclusions in salt, fractured anhydrite
formations are potential reservoirs. Common gases
in salt formations include CO2, N2 and CH4.

Earth quake

The release of accumulated geologic stress via
rapid relative movements within the Earth’s crust
usually along existing faults or geological interfaces.
The accompanying release of energy may result in
ground movement and/or rupture.

Earth quakes may particularly affect the shaft
components shortly after repository closure. Then
the shaft seal is not yet fixed in the shaft column.
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Process Group

FEP (No. referring to the
components mentioned
in right column)

Description

Direct impact of processes on barrier function
and other shaft components

Permafrost

Soil and uppermost part of the overburden rock
formations that were permanently frozen during ice
age.

X) will occur after the functional lifetime of the
geotechnical barriers

Effects of glaciers and ice
sheets

Include processes like exaration (a glacial erosion
process). Glaciation will increase the mechanical
load on the repository system.

X) will occur after the functional lifetime of the
geotechnical barriers

Glacial channelling

Below a glacier, melting water may erode glacial
channels. May destroy uppermost parts of shaft and
reduce mechanical load

X) will occur after the functional lifetime of the
geotechnical barriers

Diapirism

Uplift of thick salt formations due to density
inversion, stresses resulting from overlying rock
formations and tectonic structures.

X) The uplift of the salt dome may induce stresses in
the shaft seal

Mechanical stress
changes

Describes the transition of tension resulting from an
increase or decrease of tension in the rocks or a
component of the repository.

If stresses exceed material stability, they may result
in fractures in the shaft seal and lining, the EDZ, the
concrete injections, the borehole seals, the host
rock and the overburden formations.

Swelling, shrinking and
creeping of concrete

Describes not thermally induced volume or pressure
changes of concrete.

They will modify the properties of shaft seal, shaft
lining, injection material in contact zone / EDZ and
borehole sealings.

Swelling and shrinking of
bentonite

Means the adsorption and release of water from the
crystal interim layer of clay minerals

Will modify the properties of the shaft seal and close
the contact zone as well as the fissures in the EDZ

v

Settlement and
compaction of backfill

Settlement means the slow lowering of non cohesive
materials for backfilling and closure. This leads to
compaction and hardening. Driving forces for this
process are gravitation and the load of the
surrounding geosphere.

Will modify the properties of crushed salt and the
gravel column of the shaft seal.

Convergence

Describes rock creeping into the mine excavations.
Creeping rates depend on the mechanical
properties of the rocks: high in salt formations, low
in brittle hard rocks (anhydrite).

Convergence will fix the shaft seal in the shaft
column and close the contact zone as well as the
fissures in the EDZ

Displacement of shaft
sealing element

Describes the displacement of sealing elements of
the shafts from their installation position by
mechanical or hydraulic impacts.

The displacement of sealing elements may result in
flow paths at the shaft contour

Hydraulic

Transgression and
regression

Offshore or onshore relocation of the coast line
(flooding and landing). May be influenced by
man-made climate change

A flooding of the repository site would result in an
increased hydraulic pressure at the shaft seal

Surface water bodies

During future site evolution existing rivers, lakes etc.
may be relocated and their extent/volume changed.
Flooding of shafts has to be considered.

Little impact on geotechnical barriers

Liquid flow processes

Describes the liquid flow because of potential
gradients. They may modify the hydraulic properties
of the shaft seal, injection material and borehole
seals.

Liquid flow processes influence fluid pressure and
may result in an erosion of construction materials
and increase contact zone / EDZ

Gas flow processes

Describes the gas flow because of potential
gradients. Impact of high gas pressure is described
in the FEP hydraulic pressure change.

Gas flow processes influence fluid pressure and
thus impair geotechnical barriers

Channeling in a sealing
element

Generation of flow paths by inhomogeneous
compaction or swelling or erosion of bentonite /
concrete or viscous fingering in asphalt

Impairment of the function of the shaft sealing
elements

£0-G¢0c 031 394

Hydraulic pressure
change

Describes a change of fluid pressure because of
changes of tension in rocks or fluid flow processes.

High fluid pressure may induce fissures in barrier
constructions and EDZ

Components affected by processes
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Process Group

FEP (No. referring to the
components mentioned
in right column)

Description

Direct impact of processes on barrier function
and other shaft components

Diffusion

Stirring of different substances by BROWN
molecular movements.

The process is relevant for mass transport but will
not directly affect the barrier function.

Dispersion

Distribution of dissolved substances by
inhomogeneous flow velocities in porous media.

The process is relevant for mass transport but will
not directly affect the barrier function.

£0-G2¢0c¢ 041 3949

Liquid inflow

Describes the inflow of liquids from the host rock,
the overburden formations via the EDZ into the mine
openings.

Liquid inflow from geosphere will change
hy-drochemistry and there-fore promote corrosion of
construction materials

Asphalt migration

Due to gravitation and/or hydraulic resp. mechanical
loads asphalt can squeezed from shaft seals and
migrate in the contact zone, the EDZ as well as
pores, fractures and faults in the surrounding rock
formations.

Asphalt migration results in a decrease of the
asphalt volume in the shaft seal and thus impair the
sealing function

Phase transition

Describes the transition from solid to liquid or from
liquid to gas depending from the composition of the
material, the pressure and the temperature.

During the functional lifetime of the EBS no phase
transitions will occur that can impair EBS function

Dissolution and outgassing

Describes the transition of gas between gaseous
phase and the dissolved phase.

The process is relevant for mass transport but will
not directly affect the barrier function.

Radionuclide transport in
the liquid phase

Summarizes all kind of transport processes of
radionuclides in liquids.

The process is relevant for release of radionuclides
but will not directly affect the function of the barriers.

Radionuclide transport in
the gas phase

Summarizes all kind of transport processes of
radionuclides in gas.

The process is relevant for release of radionuclides
but will not directly affect the function of the barriers.

Thermal

Heat flow

Means the energy transport as a result of
temperature differences. There are 3 sources for
heat flow: climate, geothermy and radionuclide
decay of the waste

Indirect impact, induces mechanical and chemical
processes

Thermal expansion or
contraction

Volume changes resulting from temperature change.
In the shafts,. TM stresses are predominately
climate induced. They are only relevant during
glacial periods and then they may impair all
constructions in the shafts, the EDZ and the rock
formations.

X) During glacial periods, thermomechanical
stressses may induce fis-sures in the components of
the shaft seals. Thus the function of the seals may
be impaired. Due to the distance to the disposal
areas, the shafts will not be impaired by
thermomechanical stresses resulting from heat
generating waste.

Chemical / biological

Concrete corrosion

Describes the chemical degradation of concrete

The corrosion processes will impair the function of
all concrete components in the shafts: shaft seal,
shaft lining, borehole seals and injections. For
sealing constructions the mechanical stability of
abutments may be be reduced and the hydraulic
conductivity of seals increased.

Solution and precipitation
of salt minerals

Solution describes the transition of a solid phase
(salt minerals) into the liquid phase due to a change
of hydrochemical boundary conditions. Precipitation
is the reverse process. This process is considered
for crushed salt backfill and for EDZ.

This process will modify the hydraulic properties of
salt backfill and the EDZ

Metal corrosion

Describes the electrochemical reaction of metals
with surrounding fluids and resulting gas generation.
This process will reduce the mechanical stability of
metal components.

Stabilization measures, like steel lining and roof
bolts, will be impaired by corrosion. This may
mo-dify the properties of the EDZ.

Hydrogen embrittlement

The intrusion of hydrogen (from metal corrosion) in
metal structures results in a modification of the
mechanical properties.

In comparison to metal corrosion of low relevance
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Subsystem Shaft

Process Group

FEP (No. referring to the
components mentioned
in right column)

Description

Direct impact of processes on barrier function
and other shaft components

Microbial processes

Summarizes all microbial processes in the mine and
in the surrounding rocks. Important for degradation
of organics, but may also force the corrosion of
metal and concrete.

May directly impair the function of the shaft seal and
lining by degradation of asphalt and indirectly by
intensifying corrosion processes

Chemical alteration of
organica

Describes the alteration of organic matters in the
shaft seal (asphalt, organic compounds in clay) and
lining (asphalt filled joint) by chemical processes.

Lower relevance in comparison to microbial
processes.

Alteration of bentonite

Describes the solution, transformation and
regeneration of bentonite due to hydrochemical,
biological and thermal environmental conditions. As
a consequence the mineralogical and chemical
properties of the bentonite have been changed.

Bentonite alteration may impair the sealing function
of the bentonite seal.

Sorption and desorption

Sorption describes the physico-chemical interaction
of dissolved species with a solid phase. Desorption
is the opposite effect.

The process is relevant for mass transport but will
not directly affect the barrier function.

Complexation

Describes the impact of complexing agents on the
radioactive waste.

The process is relevant for mass transport but will
not directly affect the barrier function.

Colloid generation and
filtration

Generation of colloids and their filtration during
transport.

May have an impact on bentonite barriers.

Radiological

Radiological decay and
ionizing radiation

Spontaneous transformation of instable atomic
nuclei combined with the emission of characteristic
ionizing radiation.

The process is relevant for release of radionuclides
but will not directly affect the function of the barriers.
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8. FEP and Scenarios for EBS

8.3.2 Subsystem Nearfield of drift seal

The Subsystem nearfield of drift seal is part of the compartment “Shafts, infrastructures and
connecting drifts”. It includes part of a connecting drift (with EDZ), the drift lining, the con-
struction materials (incl. corrosion products), the drift seal consisting of a sealing element,
abutments and contact zone, the backfill, fluids and adjacent parts of the host rock, see Fig-
ure 8.-2. The components of the near field are influenced by numerous mechanical, hydraulic,
chemical and thermal processes initiated in the farfield. So mechanical loads not only result
from lithostatic pressure but from modifications of geosphere stress field by tectonic move-
ments (e.g. subsidence, uplift), earth quake or processes like glaciation, erosion and sedi-
mentation. Hydraulic loads may results from brine inflow from anhydrite reservoirs and brine
pockets in the salt formations as well as from liquids slowly percolating through the shaft seal
and EDZ into the infrastructure area. Therefore a broad spectrum of hydraulic impacts is pos-
sible — so groundwater inflow the shaft as well as different brine types from salinar reservoirs
with different hydrochemistry. The fluid pressure will depend on gas generation by metal cor-
rosion on one hand and convergence of the underground excavations on the other hand. Due
to the distance between the disposal areas and the drift seal sites there will be a moderate
increase of temperature but significant thermal-mechanical stresses may occur. A compilation
of all relevant FEP in the subsystem as well as their short description (components) resp. a
characterization on the potential impact of processes on EBS and an itemization of affected
components, is given in Table 8.-3. FEP that are excluded in a screening process due to their
low probability and/or intensity are not mentioned.
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Table 8.-3: FEP lists for the subsystem “Drift seal”. Processes that may directly affect the EBS function (Initial FEP)
are red marked.

Components affected by process

Sub-system: Drift

Process Group

FEP (No. referring to the
components mentioned in
right column)

Description

Direct impact of processes on barrier function and other
mine components

45|67 (8[9]|10(11]12

Components

1 Drift seal

Describes the chemical, hydraulic, mechanical and thermal
properties of the drift seal at the time of repository closure.
Drift seals consist of abutments and sealing elements. The
construction materials (salt and magnesium concrete) are
adapted to the surrounding salt rock and the hydrochemistry
of possibly inflowing brine.

2 Drift lining

Describes the chemical, hydraulic, mechanical and thermal
properties of the drift lining at the time of repository closure.
Drift lining will be installed in mine excavations with a long
operating time (e.g. infrastructure, access drifts) or salt
formations with low mechanical stability (e.g. anhydrite).
Drift lining is designed to function during operation period.
After closure drift lining will fail after a few decades.

3 Drift backfill

Describes the chemical, hydraulic, mechanical and thermal
properties of the drift backfill at the time of repository
closure. Crushed salt and concrete are common backfill
materials.

4 Concrete corrosion products

Describes the chemical, hydraulic, mechanical and thermal
properties of the concrete corrosion products of the drift
seals, concrete linings, injections and borehole seals.

5 Metal corrosion products

Describes the chemical, hydraulic, mechanical and thermal
properties of the metal corrosion products (e.g. partition
plates or reinforcement in concrete components, rock bolts).

6 Contact Zone

Describes the geometry and the hydraulic properties of the
void volume between the barrier and the drift contour. May
be sealed by concrete injections or by salt creeping
(convergence)

7 Excavation damaged zone in
host rock

Describes the chemical, hydraulic, mechanical and thermal
properties of the EDZ at the time of repository closure. The
properties and extent of the EDZ depend on the properties
and the stabilization measures (lining). Fissures of EDZ may
be closed by convergence.

8 Concrete Injections

Describes the chemical, hydraulic, mechanical and thermal
properties of concrete injections that are provided to seal
fractures and

8 Liquids in underground
excavations

This FEP describes the quantities and the chemical
properties of the liquids (brine and hydrocarbons in the drift
incl. EDZ/contact zone,

9 Gases in underground
excavations

This FEP describes the quantities and the chemical
properties of free gases and gaseous hydrocarbons in the
drift and the EDZ/contact zone.

10 Concrete injections

Describes the chemical, hydraulic and mechanical
properties of the injection material. Concrete injections may
be used to seal contact zone, EDZ and fractures in the
surrounding rocks.
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Sub-system: Drift

Process Group

FEP (No. referring to the
components mentioned in
right column)

Description

Direct impact of processes on barrier function and other
mine components

11 Exploration and monitoring
drillings

Describes the chemical, hydraulic, mechanical and thermal
properties of sealed drillings arranged at the drift contour to
explore or monitor the surrounding host rock. The backfilling
material is adapted to the surrounding geology and the
chemical impact of circulating groundwater.

£0-G2¢0c¢ 041 3949

12 Host rock

Describes the chemical, hydraulic, mechanical and thermal
properties of the host rock at the time of repository closure.

13 Fractures and faults in host
rock

Describes the chemical, hydraulic, mechanical and thermal
properties of fractures and faults and their mineralization in
the host rock at the time of repository closure

14 Liquids in host rock

This FEP describes the quantities and the chemical
properties of the liquids in the host rock. Apart from very
small fluid inclusions in salt, fractured anhydrite formations
may include fluid reservoirs (brine and hydrocarbons).
Brines in salt formations are in equilibrium with surrounding
salt.

15 Gases in host rock

This FEP describes the quantities and the chemical
properties of the liquids in the host rock. Apart from very
small fluid inclusions in salt, fractured anhydrite formations
are potential reservoirs. Common gases in salt formations
include CO2, N2 and CH4.

Processes /
Events

Mechanical

Earth quake

The release of accumulated geologic stress via rapid relative
movements within the earth’s crust will occur along existing
faults or geological interfaces. The accompanying release of
energy may result in ground movements and/or ruptures.

Earth quakes may particularly affect the drift components
shortly after repository closure. Then the drift seal and the
backfill are not yet fixed in the drift cross section. Later,
seismic movements may yield in fractures in the drift seal.
The drift lining may collapse.

Diapirism

Uplift of thick salt formations due to density inversion,
stresses resulting from overlying rock formations and
tectonic structures.

X) The uplift of a salt dome may induce stresses in a drift
seal

Mechanical stress changes

Describes the transition of tension resulting from an
increase or decrease of tension in the rocks or a component
of the repository.

If the stresses are exceeding material stability, they may
result in fractures in the drift seal and lining, the EDZ, the
concrete injections, the borehole seals, and the host rock.

Swelling, shrinking and
creeping of concrete

Describes not thermally induced volume or pressure
changes of concrete in the drift seal, drift lining, backfill,
injections and borehole seals.

This process will modify the properties of all concrete
components and close the contact zone as well as the
fissures in the EDZ.

Settlement and compaction
of backfill and sealing
materials

Settlement means the slow lowering of non-cohesive backfill
materials (e.g. crushed salt) and to a minor extent
construction materials like concrete. This leads to
compaction and hardening. Driving forces for these
processes are gravitation and convergence.

As a consequence, the hydraulic conductivity will decrease
and the mechanical stability of the materials will increase.

Convergence

Describes rock creeping into the mine excavations.
Creeping rates depend on the mechanical properties of the
rocks: high creeping in salt formations, low creeping in brittle
hard rocks (anhydrite).

Convergence will fix the drift seal in the drift cross section
and close the contact zone as well as the fissures of the EDZ

Hydraulic

Liquid flow processes

Describes the liquid flow due to potential gradients. Flow
processes result in mass transport on one hand and may
modify the hydraulic properties of the drift seal, injection
material and borehole seals on the other hand.

Liquid flow transport is important for chemical processes
and radionuclide spreading. Furthermore fluid flow may
result in an erosion of construction materials and enlarge
contact zone and/or EDZ

Gas flow processes

Describes the gas flow due to potential gradients. Gas flow
is responsible for transport of volatile compounds. Impact of
high gas pressure is described in the FEP hydraulic
pressure change.

Gas flow transport is important for chemical processes and
radionuclide spreading. Furthermore fluid pressure may
impair geotechnical barriers

68
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Components affected by process

Sub-system: Drift | Process Group FEP (No. referring to the Description Direct impact of processes on barrier function and other | 1 41567 (8]|9]|10|11|12|13[14[15
components mentioned in mine components
right column)
Channeling in a sealing Generation of flow paths by varying concrete properties, Impairment of the function of the drift / borehole sealing v VI IVIVIVIVIVIVIVIVIVI V|V
element inhomogeneous compaction or swelling or erosion of elements
bentonite or viscous fingering in asphalt
Backfill channeling Generation of flow paths by varying concrete properties or | The sealing and stabilizing function of the backfill will be
settlement of crushed salt and inhomogeneous compaction. | retarded.
Due to compaction gradients, the flow paths occur
predominately at the drift roof.
Hydraulic pressure change Describes a change of fluid pressure because of changes of | High fluid pressure may induce fissures in barrier v VI IVIVIVIVIVIVIVIVIVI V|V
tension in rocks or fluid flow processes. constructions and EDZ
Diffusion Stirring of different substances by BROWN molecular The process will indirectly (via hydrochemistry) influence v VI IVIVIVIVIVIVIVIVIVIV|V
movements. Diffusion is only considered in liquids and corrosion processes at the drift and borehole seals.
gases and will reduce concentration gradients in those
fluids. Therefore it will also influence hydrochemistry.
Dispersion Distribution of dissolved substances by inhomogeneous flow | The process will indirectly (via hydrochemistry) influence v v VI Vv |V v vV
velocities in porous media. The process is linked to corrosion processes at the drift and borehole seals.
advective or convective mass transport and will influence
hydrochemistry.
Liquid influx Describes the influx of liquids from the host rock into the Liquid influx from geosphere will change hydrochemistry in v v
mine openings. mine and therefore indirectly promote corrosion of
construction materials
Phase transition Describes the transition from solid to liquid or from liquid to | No relevant impact on the EBS V|V
gas depending from the composition of the material, the
pressure and the temperature. In mine openings
evaporation and condensation are processes that will
influence the distribution of humidity in the mine openings.
Dissolution and outgassing Describes the transition of gas between gaseous phase and | The process is relevant for mass transport but will not v |V v |V
the dissolved phase. directly affect the barrier or components functions.
Fluid pressure induced If fluid pressure exceeds the minimum main stress in the Gas permeation in salt formations may bypass the drift seals VI V|V VI IVIVvI|Vv
permeation of gas into salt host rock, the permeability of the salt formations will be
formations increased and fluids can infiltrate the effected formations.
Radionuclide transport in the Summarizes all kind of transport processes of radionuclides | The process is relevant for release of radionuclides but will | v* VIVIVIVIVIVIVIV|IVIVIVIV
liquid phase in liquids. not directly affect the function of the barriers.
Radionuclide transport in the Summarizes all kind of transport processes of radionuclides | The process is relevant for release of radionuclides but will | v* VIVIVIVIVIVIVIV|IVIVIVIV
gas phase in gas. not directly affect the function of the barriers or other mine
components.
Thermal Heat flow Means the energy transport as a result of temperature Due to the distance between the barriers and the v v |V VI IVIVIVIVIVIVI V|V
differences. There are 2 main sources for heat flow in the emplacement fields temperature limits for concrete and
drift: geothermic and radionuclide decay of the waste. Due | bentonite stability will to be met. Therefore temperature will
to the depth of repository level climate impact is of low not directly result in an impairment of the barriers.
relevance. Temperature is a key issue of all chemical
processes and temperature gradients may result in
convective fluid flow.
Thermal expansion or Volume change resulting from temperature change. Atthe | Thermomechanical stresses due to waste disposal may v Vv VIVIVIVIVIVIV|IV|V

contraction

emplacement level heat generating from waste disposal is of
highest relevance. Depending on mine depth, cooling during
future glacial periods may influence the emplacement level
to a low intensity.

induce fissures in the components of the drifts.
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Components affected by process

Sub-system: Drift

Process Group

FEP (No. referring to the
components mentioned in
right column)

Description

Direct impact of processes on barrier function and other
mine components

4156|789 |10|11]12

Thermochemical sulfate
reduction

Redox reaction of organic matter or hydrogen with sulphate
at high temperatures (starting temperature 80°C) Resulting
products are carbonate, sulphide, water, hydrogen sulphide,
or carbon dioxide. The volume of the products is 10 % larger
than the volume of the educts. Therefore mechanical
stresses will occur.

At adequate boundary conditions the process may not
impair EBS

£0-G2¢0c¢ 041 3949

Thermal degradation of
carnallite

The mineral carnalite is characterized by 40 weight % of
crystal water that is released at different hydration levels
with increasing temperature (starting temperature 80°C)

The water from degradation of carnallite at the site of a drift
seal may contribute to the alteration of construction material.
Furthermore the alteration of carnallite may result in the
generation of flow paths that are bypassing the drift seal.

Evaporation and condensation
of water

Evaporation describes the phase transition from liquid to gas
phase. Condensation is the reverse process.

No relevant impact on EBS

Chemical / biological | Concrete corrosion Describes the chemical degradation of concrete The corrosion processes will impair the function of all v v v |V
concrete components in the drifts: drift seal, drift lining,
borehole seals and injections. For sealing constructions the
mechanical stability may be reduced and the hydraulic
conductivity increased.
Solution and precipitation of | Solution describes the transition of a solid phase (salt This process may modify the hydraulic properties of salt VI VIV v
salt minerals minerals) into the liquid phase due to a change of backfill and the EDZ
hydrochemical boundary conditions. Precipitation is the
reverse process. This process is considered for crushed salt
backfill and for EDZ.
Transformation of anhydrite | Calcium sulphate reacts with water to generate gypsum. This process may especially modify the hydraulic properties V|V v
to gypsum This exothermal reaction results in an increase of volume of | of the EDZ.
61 %. As a consequence swelling pressures of up to 4,5
MPa may occur.
Metal corrosion Describes the electrochemical reaction of metals with Stabilization measures, like steel lining and roof bolts, will be v v
surrounding fluids and resulting gas generation. This impaired by corrosion. This may impair the EDZ. If the drift
process will reduce the mechanical stability of metal seal includes metal components (e.g. partition plates or
components. The enlargement of volume (factor 3.6) of the | reinforcements in concrete) the corrosion could also affect
metal corrosion products will result in significant stresses in | the sealing function.
the concrete constructions.
Hydrogen embrittlement The intrusion of hydrogen in metal structures results in a Low relevance for EBS alteration v v
modification of the mechanical properties.
Deflagration and explosion A deflagration or explosion resulting from the ignition of a An explosion may have impact on the integrity of the drift v
of gases flammable gas mixture in the repository seal
Microbial processes Summarizes all microbial processes in the mine and in the | May impair the function of the drift seal, backfill and lining V|V
surrounding rocks. Microbial processes may force the
corrosion of metal and concrete.
Sorption and desorption Sorption describes the physico-chemical interaction of The process is relevant for mass transport but will not v v |V
dissolved species with a solid phase. Desorption is the directly affect the barriers or other components.
opposite effect.
Colloid generation and filtration | Generation of colloids and their filtration during transport. The process is relevant for mass transport but will not v v |V

directly affect the barriers or other components.

Radiological

Radiological decay and ionizing
radiation

Spontaneous transformation of instable atomic nuclei
combined with the emission of characteristic ionizing
radiation. After the release of radionuclides in the
emplacement areas, they will be spread in the mine
excavations and radiological decay will occur during
transport.

The heat generation from radiological decay is a relevant
thermal input in the repository system. It will result in
thermomechanical stresses and influence the chemical
processes. Thus all components are affected.
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8. FEP and Scenarios for EBS
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Figure 8.-2: Nearfield model for the drift seal, FEP in italics.

FEP of the farfield that have a direct impact on the subsystem drift seal are compiled in the
FEP list of compartment "shafts, infrastructure and connecting drifts" in Table 8.-1.

8.4 Methodology of Scenario Development

The fundamentals of scenario development were comprehensively described in Beuth et al.
(2012) and Lommerzheim et al. (2019). Therefore, only a short summary will be given here.

8.4.1 Fundamentals

The site and the repository system will undergo a specific evolution, which will be controlled
both by climatic and geologic processes at the site and processes induced by the repository
construction and the emplacement of heat-generating waste. Although the various influencing
factors are widely understood, this real evolution cannot be predicted unequivocally in all
detail.

Developing and investigating several scenarios is an internationally recognized and accepted
approach to address this uncertainty (NEA, 2016). In accordance with the Safety Require-
ments (BMU, 2010), different kinds of scenarios have to be considered as a basis for the
safety assessment of a repository system. Expected, alternative, hypothetical and human
intrusion scenarios reflect the variations of possible future site evolutions (Figure 8.-4).

“Expected scenario” refers to a normal evolution forecast for the site, and evolutions normally
observed at comparable locations or similar geologic situations (= Reference scenario).

“Alternative scenarios” refer to evolutions that are not expected for the site, but which may

occur with regard to geological or climatic boundary conditions, the technical and geotechnical
barriers and the radioactive inventory.
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8. FEP and Scenarios for EBS

Expected and alternative scenarios will be systematically derived from the FEP catalog.

Other groups of scenarios include “hypothetical scenarios” and “human intrusion scenarios”.
Those scenarios will be analyzed with regard to an optimization of the repository system and
to assess the robustness of the system.

“Hypothetical scenarios” include evolutions that can be excluded even for most unfavorable
assumptions basing on expert judgment. These scenarios include “what-if-cases”.

“Human intrusion scenarios” reflect consequences resulting from future human actions, esp.
unintended human intrusion in the repository, that are relevant for the safety of the repository
system. Reference scenarios for those evolutions can be derived from common recent hu-
man activities (Figure 8.-4). The basic conditions for consideration of those impacts are also
defined in BMU (2010) and EndISiAnfV (2020).

Hypothetical and human intrusion scenarios are not included in the RANGERS project.

Conceptions concerning the future evolution of a repository system are prerequisites for nu-
merical long-term safety assessments. Therefore, the scenario development methodology
aims at systematically deriving expected reference scenarios and a number of alternative
scenarios that are to comprehensively represent the reasonable range of repository system
evolutions (Beuth et al., 2012; Lommerzheim et al., 2019). The scenarios are characterized by
FEP that will influence the future evolution of the final repository system at the reference site
and their associated characteristics. An overview of the scenario development methodology
is given in Figure 8.-3.

In the scenarios, possible future evolutions of the repository system during the safety demon-
stration period are described comprehensively. The methodology applied relies on several
fundamentals, i.e. the regulatory framework, the safety concept, basic assumptions, the ge-
ologic data, the waste data and the repository concept, and integrates all data relevant to
scenario development into the FEP catalog.

There are three key issues that rely directly on the guiding principles of the safety concept to
start scenario development:

« “Initial barriers” are important components of the safety concept and are characterized
by the safety functions “restriction of advective and diffusive mass transport” as well as
“retardation of radionuclides”. They have defined properties just after repository closure
and will be modified in different time frames.

« “Initial FEP” are expected processes that could impair the safety functions of the initial
barriers. They provide the first starting points for scenario development.

+ In addition, all possible system evolutions that involve a release of radionuclides from
the waste form need to be considered. Those FEP, that are related to the mobilization
of radionuclides and their transport, are additional starting points for scenario develop-
ment.

A plausibility check has shown that the initial FEP consider all relevant impacts on the ge-
ological and geotechnical barriers. Therefore they are adequate starting points for scenario
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Figure 8.-3: Scenario development methodology (modified after Ménig et al. 2013).

development.

The description of FEP interaction by component-process-causal chains results in long, but
clear causal chains to address important aspects of system evolution. To facilitate the gener-
ation of adequate dependence trees, a tool with break-off criteria can be applied.

8.4.2 Reference scenario

A (expected) reference scenario does not include one specific evolution but describes as
broadly as possible the spectrum of probable future evolutions of a repository system.

The “initial barriers” considered in salt formations include the host rock, the shaft, borehole
and drift seals as well as the backfill.

The processes that may directly affect the safety functions of the initial barriers are called
initial FEP. They are marked in the FEP-Lists of Table 8.-1, Table 8.-2 and Table 8.-3.

The starting points for developing reference scenarios are:

1. specific assumptions: provide a means to deal in a transparent and traceable way with
particular uncertainties, some of which may be minimized in the future while others may
never be reduced at all. They especially address three aspects with high uncertainty
and assume for the reference scenario:
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Figure 8.-4: Classification of scenarios and safety demonstration methodology (Beuth et al.,
2012).

« Geology: the available geological data are representative and there are no unde-
tected geological characteristics. The uncertainty in this point can only be reduced
by future exploration .

 Safety function of technical/geotechnical barriers: All technical/geotechnical bar-
riers work as designed. The functionality of the engineered barriers has to be
verified by an integrity proof.

 Future climate evolution: Because of the persisting uncertainties in this issue all
reasonable climatic evolutions have to be considered as “expected”. The evolu-
tion with the highest plausibility will be attributed to the reference scenario. Other
probable climate evolutions will be analyzed as probable alternative scenarios.

2. The expected initial FEP with their probable characteristics: If appropriate information is
available in the FEP catalog, the representative characteristics of those initial FEP have
been taken for scenario description. Otherwise, the characteristics of the initial FEP
have to be derived from their interaction with other FEP (causal chains) in combination
with orienting process modeling.

3. Expected FEP characterizing the mobilization and transport of radionuclides with prob-
able characteristics: The characteristics will be derived as described above.

Because the reference scenario results from the interaction between expected FEP, it will be
expected as well.

The relevant process FEP may have different characteristics at different times and at different
locations of the repository system. Therefore, it is useful to subdivide the description of the
reference scenario into subsystems like near field, remaining mine excavations, host rock,
and overburden to optimize the clarity and traceability of the description and to consider the
interrelation between the subsystems and possible chronological limits of the initial FEP.
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Due to the numerous starting points of scenarios development, the methodological approach
is a “bottom-up”-type: The description starts on a broad basis and then comes to a compre-
hensive description of the repository system.

8.4.3 Alternative Scenarios

Alternative scenarios are evolutions that differ in exactly one aspect from the reference sce-
nario (top down approach). The consequences on repository system evolution can be identi-
fied by an analysis of the differences to the reference scenario. Alternative scenarios can be
developed from the following starting points (Figure 8.-4):

+ deviations concerning the specific assumptions: This approach may yield alternative
scenarios and expected scenarios — not yet covered by the reference scenario. Exam-
ples for deviations from specific assumptions, that may result in alternative scenarios,
are:

— Undetected geological properties (e.g. fracture zones or fluid reservoirs),
— Early failure of shaft seal (or drift seal, borehole seal, etc.),

— Modifications of the future climate evolutions, e.g. changed characteristics of
glacial periods (thickness of glaciers, depth of permafrost, dimensions of glacial
channels, modified duration of glacial cycles)

 Less probable characteristics of the initial FEP: for the initial FEP (see Figure 8.-4), less
probable characteristics have to be defined, and the consequences on repository sys-
tem analysis have to be evaluated. If a significant impact would be expected and the
consequences are not yet covered by any other alternative scenario, a new alternative
scenario has to be proposed. For example, for the process FEP “metal corrosion”, a
corrosion rate twice as high as for normal evolution would be a less probable charac-
teristic. Metal corrosion is a key issue for gas generation and radionuclide mobilization.
Therefore this process is not only relevant with regard to the function of the disposal can-
isters. The consequences of a high corrosion rate are not covered by the “early failure
of a disposal canister” but an additional alternative scenario with a high gas pressure is
necessary.

+ Less probable characteristics of the process FEP mobilization and transport of radionu-
clides: for the procedure to identify less probable characteristics of these processes see
above. For example, for the less probable characteristics of radionuclide transport, flow
processes and the hydraulic properties of the materials in the repository system and
the host rock have to be considered. So, for the less probable radionuclide transport by
diffusion, less probable diffusion coefficients for the materials and the host rock have to
be evaluated. An adequate alternative scenario has to be defined.

« alternative FEP: process FEP describing modifications of technical features (e.g. Chan-
neling in sealing elements and Flow paths in exploration drillings) may have a lower
probability due to the comprehensive quality assurance measures for the preparation of
construction materials and the performance of construction work. Therefore those FEP
may be starting points for alternative scenarios.

It is possible that similar alternative evolutions result from different starting points. In this case,
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various evolutions may be abstracted into one representative alternative scenario that covers
the characteristics of the various evolutions.

8.5 Characterization of reference scenario

As mentioned above, the German reference scenario, that has been developed for the Prelim-
inary safety assessment of the Gorleben site (VSG) (Beuth et al., 2012) , has been taken as
an example and slightly modified to be compatible with the German concept for a salt pillow
(KOSINA project). The reference scenario is characterized by the following properties and
evolutions:

Specific assumptions for the reference scenario include:

« The reference climate development with a 100.000 a-cycle of glacial and warm periods
is representative. During future occurence of Elster like glaciations the formation of a
deep glacial channel is considered.

+ Shaft and drift seals will be constructed and function as required.

« There are no misinterpreted exploration results or unknown geological properties, that
result in a decrease of the safety distance between mine excavations and brine bearing
formations/drillings.

The objective of the geoscientific long term prognosis is to give a forecast of future evolution of
geosphere resp. of processes that may have an impact on geosphere evolution (without repos-
itory impact). Many potential future evolutions can be excluded for a repository site because
the site selection has to consider the site selection criteria defined in German Site Selection
Act (StandAG, 2023). The geoscientific long term prognosis is based on the actualism prin-
ciple. Most evolutions of geosphere and climate are very slow and long ranging processes
that started millions of years in past and will therefore also persist in future. Hence the re-
gional evolution in past was analyzed and basing on those results the future evolutions will be
predicted. As a result, for the German regions with flat-bedded salt formations, slow tectonic
movements (subsidence of 0.01 mm/a), no formation of new deep fracture zones, seismicity
with a design earth quake of 7.0 MSK scale and only minimal salt diapirism (0.02 mm/a) have
to be expected.

For Germany, a prognosis for future climate development during the demonstration period of
1 million years (ten cycles each with 100,000 years) has been given in Beuth et al. (2012).
The German flat lying salt formations occur in regions which were covered by glaciers and
ice sheets with a thickness of up to 400 m in the past. Therefore the resulting mechanical
load on the emplacement level will be limited. Permafrost will reach a depth of up to 300 m,
periglacial channels will cut into geosphere up a depth of 200 m. Therefore those climate
induced impacts will not impair the function of the CRZ.

Climate development will result in complex consequences on geosphere evolution, e.g. by
modifications of hydrochemistry and geosphere stresses. Intensity of erosion will depend
on topography, geological properties, vegetation and climate (precipitation) and will have a
higher intensity during ice ages and a lower intensity during warmer climates (average: 0.01
to 0.02 mm/a). Subrosion rate will be low as well (<0.1 mm/a). Summarizing the impacts
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from surface, none of those impacts will result in a significant impairment of the CRZ or the
geotechnical barriers at the emplacement level.

As mentioned above, changes of the hydrochemistry are expected for the glacial period, but
the precise hydrochemical characteristics are not predictable. Therefore an adequate design
of the barriers (EBS) can not be defined. Hence for the glacial periods no integrity proof can
be given. As a consequence the functional life time of the EBS is restricted to the period before
the next glacial period (with well defined boundary conditions) — which means in Germany a
period of 50,000 years. Therefore the main focus of scenario description for the RANGERS
project is set on the pre-glacial period.

Important boundary conditions (geology, repository concept and sealing concept) for the ref-
erence scenario are described in chapters 5., 6. and 7.. For the reference scenario the
expected future evolution of the repository system will be described taking the initial FEP as
well as process FEP describing radionuclide mobilization and transport as starting points.
They are red and green marked in the FEP Table 8.-2 and Table 8.-3. For detailed description
of the scenario and a comprehensive analysis of the FEP interactions see Beuth et al. (2012).
In the following text, a short compilation of the most important characteristics of the repository
system evolution in the different compartments is given:

8.5.1 Geosphere

The reference geosphere of the repository system is characterized by a salt pillow consisting
of Zechstein formations with a maximum thickness of 800 m. In the geological model the
overburden formations (Triassic, Tertiary and Quaternary rocks) have a thickness of 140 —
800 m. The most important Zechstein formation (and the Containment Providing Rock Zone
= CRZ) is the StaBfurt main halite, which is the host rock for the disposal areas and has a
maximum thickness of 600 m. The halite may have a humidity of up to 5 vol %. The minimum
thickness of overlying rock formations is 400 m. The competent layers of the Main Anhydrite
with fluid reservoirs are fragmented by salt movements and arching. Due to a salt barrier
of 350 m on average between the emplacement level and the anhydrite, a possible linkage
between the reservoirs and the underground excavations is only given in the shafts. The
disposal of heat generating waste results in thermal-mechanical stresses and an uplift at the
top of the structure for some meters. Furthermore fractures in the host rock will be induced.

The moderate design earth quake (Intensity 7) may reactivate fractures and faults especially
at the boundary between different types of rock, but large scale fractures are not expected. It
has to been analyzed whether new fractures in the host rock may become flow path between
fluid reservoirs and the underground excavations.

During the glacial periods the overburden formations may be partly eroded especially by
glacial channels. But the CRZ will not be impaired. Permafrost may significantly modify the
hydrology and hydrogeology in the overburden. Furthermore, the glacial cooling will induce
thermal-mechanical stresses in the top of the salt pillow.

8.5.2 Disposal areas

The disposal areas will be situated in the Main Halite Formation. For the halite a brine content

of 1 to 5 vol. % has been assumed. A safety distance between disposal fields and the car-
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nallitite formations will avoid thermal degradation of carnallite and crystal water release. The
repository design is adapted to comply with thermal and thermal-mechanical requirements as
well as to keep safety distances to the potash seam. The disposal drifts are backfilled with
crushed salt.

The temperature maximum of the waste packages will be ca. 200°C after 80 to 100 years.
After disposal, temperature will rapidly decline. After few thousand of years, the temperature
maximum will decline to the original geothermal level. The heat generation will significantly
increase convergence rates in the nearfield and therefore force compaction of the crushed
salt. This process is important for the enclosure of the waste packages.The heating will result
in thermal-mechanical stresses in the containers, the backfill, the EDZ and the surrounding
host rock. The disposal casks will be designed to resist all thermal, mechanical, hydraulic and
chemical impacts during a period of 500 years after closure (which is the period of recovery
as defined in the regulations).

Brine inflow in the disposal drifts will be intensified by thermomigration and thus intensify metal
corrosion and resulting gas generation. As a consequence fluid pressure will be enlarged. A
high pore pressure will retard the compaction of the backfill. Thermochemical sulfate reduction
will modify hydrochemistry in the nearfield and will also intensify container corrosion. With
regard to the containment function of the technical barriers a small amount of containers
with undetected failures are considered. For those containers radionuclides mobilization and
transport will start shortly after closure of the repository.

8.5.3 Shafts and drifts

This compartment includes all underground excavations except the disposal areas — namely
the shafts, the infrastructure area and the drifts. Also the two subsystems “nearfield of shaft
seal” and “nearfield of drift seal” are located in this compartment. The closure concept for
those parts of the repository comprises shaft and drift seals and a backfill of the drifts with
crushed salt as well as borehole seals for the exploration drillings. The drift seals separate the
access drifts to the disposal areas from the infrastructure area. After EBS construction their
tight fixation in the shaft/drift contour and thereby their functionality will be accomplished by the
swelling of the construction material as well as by the convergence of the surrounding rocks.
The EDZ will be recut before installation of the engineered barriers. Remaining fractures will
be sealed by concrete injections. The fissures in the EDZ will be closed by convergence in
several 100 years.

Due to the uncertainties for the prognosis of the boundary conditions during future glacial peri-
ods, the functional period of shaft and drift seals is restricted to 50,000 years. The subsequent
long term sealing of the underground excavations will be ensured by the compacted backfill
(crushed salt).

The infrastructure area will be backfilled with basalt gravel and will function as a fluid reservoir.
The corresponding fluids will comprise groundwater flowing in via the shaft seals/EDZ, on one
hand, and limited brine volumes from reservoirs in the anhydrite as well as from brine pockets
in the rock salt, on the other hand. Additionally, mine air and gas from metal corrosion or
microbial processes may significantly contribute to the fluid pressure in the mine excavations.
The objective of the fluid reservoir is to avoid high hydraulic loads on the shaft and drift seals
prior to their fixation in the excavations contour.
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All excavations are backfilled with crushed salt. The initial roof cleavage will be closed by
convergence in some decades of years. Subsequently the crushed salt will be compacted in
a few thousand years by convergence. Then the backfill has similar mechanical and hydraulic
properties than the surrounding rock and act as a long-term barrier.

8.5.4 Nearfield of Shaft Seal

The nearfield of the shaft seal comprises the shaft installations and the shaft seal incl. the
EDZ from the surface up to the shaft landing as well as adjacent parts of the host rock and the
overburden formations. Those components are influenced by broad spectrum of mechanical,
hydraulic, chemical and thermal processes initiated in the farfield.

So mechanical loads not only result from lithostatic pressure but from modifications of geo-
sphere stress field by geological processes (e.g. diapirism, tectonic movements), earth quake
or processes like glaciation, erosion and sedimentation. Most relevant impacts are the earth
quake (may induce fissures in concrete and settle and compact the gravel abutment) as well
as the diapirism (induces stresses in the barrier). The estimated intensities of those pro-
cesses/events have to be considered in the design of the construction. Other processes
resulting in mechanical stress changes were initiated by volume changes of construction ma-
terials (e.g. swelling, shrinking and creeping of concrete and bentonite as well as settlement
and compaction of backfill). Those processes may result in small displacements of the com-
ponents of the shaft seal. Convergence is a very important mechanical process ensuring the
fixation and functionality of the shaft seal. Reference values for convergence will be taken
from experience in other salt mines.

Because this subsystem cuts through the whole geological sequence, not only the host rock
but also the aquifers in the overburden formations and the underground facilities have to be
considered. Therefore a broad spectrum of hydraulic impacts is possible — from the overbur-
den, from anhydrite reservoirs and from brine pockets in the salt formations as well as (at late
times) from fluids that are squeezed out from the underground excavation via the infrastruc-
ture area to the shafts. In the repository system a two phase flow of liquid and gas is often
expected. The most important hydraulic process is the fluid pressure change that is mostly
linked to fluid flow processes. Those processes may impair the EBS function by channel-
ing in the bentonite or concrete seals or by “viscous fingering” resp. asphalt migration from
the asphalt seals. Fluid squeezing by convergence and gas generation are the most impor-
tant processes to initiate fluid flow and to change fluid pressure. Advection, dispersion and
diffusion are important processes for radionuclide transport.

At the shaft seal, a broad spectrum of liquids with different hydrochemical properties have to
be considered, e.g. unsaturated groundwater from the surface and the overburden formations
and different kinds of brine (Na, K, Mg / Cl, SO4 concentrations) from divers salt formations.
Although different reference liquids are considered in barrier design by adequate construction
materials, corrosion and alteration processes (e.g., concrete corrosion, alteration of bentonite,
microbial processes) can not be excluded during the future site evolution. This is caused by
uncertainties in the prognosis of the hydrological-chemical evolution.

At early times, the corrosion of the shaft liner determines the time of water inflow from adjacent
aquifers and for the corresponding hydraulic loads at the shaft seal.
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The thermal boundary conditions in the shafts are dominated by the (constant) geothermal
heat flow as well as by climate induced heat flow (most relevant during glacial periods). The
heat flow from the disposal of high level radioactive waste is of lower relevance due to the large
distance between the disposal areas and the shafts. Nevertheless, the high heat input in the
disposal fields will induce significant thermal-mechanical stresses (compressive strength) at
the shafts. The climate induced cooling may result in tensile stresses and the generation of
fractures at the top of the salt structure. With regard to the performance assessment of the
geotechnical barriers that is of lower relevance because the functional time of the barriers is
restricted to the pre-glacial period.

8.5.5 Nearfield of drift seal

The repository layout provides two disposal areas each connected with the infrastructure area
and the shafts by four access drifts. Each drift has to be sealed by a drift seal to avoid a water
inflow from the infrastructure area to the disposal areas or a release of possibly contaminated
fluids from the disposal areas. The nearfield of the drift seal comprises the drift lining, the drift
seal incl. the EDZ as well as adjacent parts of the host rock (see Figure 8.-2). Those com-
ponents are influenced by a broad spectrum of mechanical, hydraulic, chemical and thermal
processes initiated in the farfield.

Modifications of the host rock stress field by geological processes (e.g. diapirism, tectonic
movements), earth quake or processes like glaciation, erosion and sedimentation are also
relevant at the emplacement level. Mining experience shows that the impact of seismic waves
on the restrained geosphere decreases with increasing depth. But open parts of the mine
excavations (e.g. top clefts above the backfill), the rigid concrete as well as the EDZ may be
affected. If diapirism proceeds irregularly, stresses may be induced in the large drift seals.
Other processes resulting in mechanical stress changes were initiated by volume changes of
construction materials (e.g. swelling, shrinking and creeping of concrete). Convergence is a
very important mechanical process ensuring the fixation and functionality of the drift seal. The
reference convergence rate will be estimated from the experience in other salt mines.

Hydraulic conditions in the nearfield of the drift seal will be influenced by liquids in the infras-
tructure area. They will arise from surface or overburden formations by percolating through
the shaft seal and the EDZ or from fluid reservoirs in the salt formations. Therefore the hydro-
chemistry of the liquids in infrastructure area may be quite inhomogeneous.

At the disposal area side of the drift seals only small amounts of brine solution from the host
rock (brine pockets) will occur. But there are large amounts of metals (waste packages) in
the disposals areas and their corrosion will result in an intensive gas generation, that will
significantly increase fluid pressure at this side. If the leakage rate of drift seal is smaller than
the gas generation rate, the fluid pressure will exceed the minimum stress in the host rock and
fluid percolation in salt formations will start.

An asymmetrical fluid pressure is expected at the both sides of the drift seal, what is a special
challenge for the design. At later periods, fluid pressure will be increased by convergence. In
the repository system a two phase flow of liquids and gases is expected. The fluid pressure
changes will be often linked to fluid flow processes. Those processes will impair the EBS
function by channeling the backfill and the concrete seals. Advection, dispersion and diffusion
are important processes for radionuclide transport.
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Especially in the infrastructure area a broad spectrum of fluids with different hydrochemical
properties have to be considered, e.g. a mixture of unsaturated groundwater from the surface
and the overburden formations and different kinds of brine (Na, K, Mg / Cl, SO4 concentra-
tions) from the salt formations. Although different reference liquids are considered in barrier
design by adequate construction materials, corrosion and alteration processes (e.g. concrete
corrosion, microbial processes) can not be excluded during the future site evolution. This is
caused by uncertainties in the prognosis of the hydrological-chemical evolution.

In contrast to the shaft seal subsystem, in the drift seal subsystem the heat flow from the
disposal of high level radioactive waste is of highest relevance. This is explained by the smaller
distance to the disposal fields. Geothermal heat flow (which is constant) as well as climate
induced heat flow (only a temperature impact of 3-4 °C is expected) are of low relevance. The
disposal of the heat generating radioactive waste will result in significant thermal-mechanical
stresses (compressive strength) in the nearfield of the drift seal during the thermal phase,
and tensile stresses after temperature decrease. Those stresses may result in fissures in the
concrete constructions as well as loosening of the EDZ.

8.5.6 Radionuclide mobilization and transport

The second approach for developing the reference scenario addresses processes that are
linked to radionuclide mobilization and radionuclide transport.

Radionuclide mobilization will take place in the disposal areas and will be the consequence of
several casual chains of processes/events that will result in the failure of the waste package
and the degradation of the different waste matrices.

Due to the specific assumption for the reference scenario that all barriers meet their design
specific requirements there is only one reason for the failure of a waste package during the
functional period: the existence of containers with undetected failures.

During construction as well as during quality tests mistakes will rarely occur. Those containers
will fail as a consequence of lower impacts that are covered by properly designed containers.

After the functional period the failure of containers is expected resulting from mechanic, hy-
draulic and chemical impacts. Water can intrude a damaged container and then corrosion of
the waste matrices (spent fuel, glass, metal, organics) and the mobilization of radionuclides
will start. The chemical processes will also provide gas as another medium for radionuclide
transport. The fluid-induced radionuclide transport by advection, dispersion and diffusion is
influenced by the hydraulic properties of the mine excavations (including closure measures)
and the host rock as well as on chemical processes like sorption, desorption, complexation,
and colloid generation

8.6 Characterization of alternative scenarios

As described in above, there are three starting points for development of alternative scenarios.
They are discussed in detail in Beuth et al. (2012). An important follow-up step in handling
of alternative scenarios is the definition of comprehensive representative scenarios. Several
alternative scenarios derived from different starting points may have similar consequences on
repository system evolutions. For the procedure of performance assessment calculations it is
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necessary to define representative scenarios bundling and covering those similar alternative
scenarios.

8.6.1 Deviations concerning the climate development assumptions

The reference climate development includes assumptions for climate cycles (approx. 100,000
years basing on astronomic Milankovic cycles)) as well as for intensity of glacials (Elster, Saale
and Weichsel glacials) and warm interglacial periods. Those assumptions base on an analysis
of the climate development in past and corresponding interpolations to future developments
(actualism principle), Those prognoses have a high inherent uncertainty.

So the 100,000 years climate cycles were characteristic for the last 800,000 years, but in
former times there were also cycles of 19,000-23,000 years and 42,000 years. Short climate
cycles would result in in a new glaciation in the next 20,000 to 40,000 years. But investigations
have shown, that shorter climate cycle durations correspond to lower temperature amplitudes
between glacials and interglacials. Therefore glacier thicknesses are reduced, permafrost will
only penetrate to smaller depths and glacial channels will only cut in the uppermost part of
the overburden formations. Any significant impact on the host rock from those short glacials
is not expected.

Other prognostic uncertainties rely on the characteristics on the glacial periods. So the site
specific maximum thickness of the glaciers or the depth penetration of permafrost can not be
predicted. Therefore conservative assumptions have to be taken as a basis for characterizing
the progress and the characteristics of the glacial periods.

As the RANGERS study focuses on the performance assessment of geotechnical barriers
whose functional periods are restricted to the time before the next glacial period (50,000 years),
possible alternative scenarios for far future climate evolutions can be neglected here.

8.6.2 Deviations concerning the functionality of geotechnical barriers

A basic assumption for the reference scenario is that all technical barriers will work as re-
quired. Therefore in the alternative scenarios, the failure of a geotechnical barrier has to be
assumed. A short overview of the corresponding scenarios for the different kinds of geotech-
nical barriers and their consequences on repository system evolution is given below.

Those scenarios do not analyze the reasons for the barrier failure (they can be analyzed by the
impact of initial FEP (compare Table 8.-1, Table 8.-2, Table 8.-3) (apart from human mistakes
or construction failures)) and — in a conservative manner — take no credit from the redundancy
of the different elements of the geotechnical barriers consisting of several abutments and
sealing elements. As a top down approach they describe the consequences on the repository
system evolution.

The barrier failure scenarios suppose a higher hydraulic conductivity for the entire barrier
construction. This may result from construction failures and/or a higher hydraulic conductivity
of the contact zone and/or the EDZ. Beuth et al. (2012) proposed to take the permeability
of the EDZ, fissures or porous media with high porosity as reference scales for the increased
hydraulic conductivity of the failed barriers. This would correspond to a hydraulic conductivity 3
or 4 times larger than for the intact barrier. Synchronous, not casually linked failures of several
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barriers can be excluded (a combination of two events with a low probability is improbable).

To evaluate the most severe consequences for repository system evolution, an early point in
time is assumed for the barrier failure scenarios. A relevant boundary condition at this time is
that the compaction of the backfill is not yet finished.

Failure of a shaft seal: A broad spectrum of processes as well as human mistakes or con-
struction failures may affect the functionality of the shaft seals (see initial FEP in Table 8.-2).
As a consequence a groundwater flow from surface, overburden formations and/or reservoirs
in the salt formations via the shafts can be initiated towards the underground infrastructure
area. Therefore all processes in the repository mine that are influenced by water and hydro-
chemistry will be triggered and intensified. The most relevant consequences on repository
system evolution would be:

The unsaturated groundwater entering via the shaft will start leaching the surrounding salt
formations. This process will continue up to the saturation of the groundwater. As a conse-
quence, void volumes at the shaft and the infrastructure chamber contour will be generated
and fractures and fissures in the adjacent host rock may be elutriated. This may impair the
stability of the host rock in this area. As a consequence, flow paths to brine reservoirs in the
host rock may be generated and the drift seal may be bypassed in parts. On the other hand,
the high humidity would increase the creeping rate of the salt (convergence) and so contribute
to the closure of void volumes.

Furthermore hydrochemistry will be modified and different alteration processes at the host
rock and construction materials of EBS (e.g. concrete corrosion) may be initiated.

Due to the groundwater inflow the fluid pressure will be significantly increased. This brine
will percolate through the drift seal and flood the disposal areas. Here, metal corrosion of
the disposal canisters will be initiated. That’s also relevant for radionuclide mobilization. Fluid
inflow as well as gas generation due to metal corrosion, are important for flow processes in
the mine excavations and therefore for radionuclide transport.

Failure of a drift seal: Due to the drift seal failure (and the not yet compacted backfill with
a higher hydraulic conductivity). There is a flow path from infrastructure area to the disposal
fields and vice versa. Relevant consequences of this scenario on repository system evolution
would be:

The fluids in the infrastructure area have a diverse hydrochemistry. Therefore leaching of the
salt formations and concrete corrosion at the barriers will be induced. Both processes may
result in bypassing / malfunctioning of the drift seal. The fluids at the side of the disposal
fields are saturated with the salts in the surroundings. The disposal areas are sited in rock
salt formations with a low humidity. Brine pockets in the salt formations with a fluid volume of
several hundred cubic meters are rare. Therefore the hydraulic loads at both sides of the drift
seal will be different what is a challenge for the drift seal design.

The brine passing the drift seal will initiate intensive metal corrosion at the waste containers
in the disposal fields and intensive gas generation will be initiated. This causes an additional
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fluid pressure at the drift seal. Due to the gas generation, a fluid flow back to the infrastructure
area will be initiated. The high gas induced fluid pressure in the infrastructure area may impair
the shaft seal. If the gas flow rate through the drift seal is lower than the gas generation rate,
the gas pressure will exceed the minimum principle stress in the host rock and permeation
into geosphere will start. Waste packages will fail due to corrosion. Radionuclides will be
mobilized and transported through the underground excavations via the shaft.

Failure of a borehole seals: For surface exploration drillings there is a safety pillar between
the boreholes and the underground mine excavations. That means, even after the failure of
the borehole seal, there is no connection to the underground excavations and therefore no
impact on the mine has to be considered.

That is different for underground exploration boreholes that are drilled from the mine exca-
vations. A failure of the borehole seals of those drillings would have different consequences
depending on their locations and geological boundary conditions. The most relevant types
are:

Underground drillings connecting reservoirs in the host rock: Depending on the fluid volume
and the hydrochemistry of the fluids, different chemical, hydraulic and mechanical processes
can be initiated in the mine openings in the case of drift seal failure.

Underground drillings connecting different mine openings: Those drillings may form new flow
paths in the mine excavations and even bypass the drift seals. Thus a fluid flow from the
infrastructure area to the disposal areas may be facilitated and intensified or a release of
possibly contaminated fluids from the disposal fields towards the infrastructure area and the
shafts will be enabled.

The consequences of both system evolutions can be included in the alternative scenario “Fail-
ure of a Drift Seal”, that is described above.

Unknown geological characteristics: Due to limitations of measuring precision, malfunc-
tions or human errors in analysis or interpretation of measuring results, some geological prop-
erties that will impair the rocks barrier function, may not be recognized. Due to mechanical,
thermal-mechanical and chemical (leaching) processes, flow paths can be generated between
the unknown reservoirs and the mine openings. So, for the corresponding alternative scenar-
ios, the occurrence of brine pockets in salts, fracture reservoirs in anhydrite and fractures and
faults with a high hydraulic conductivity are important. If they are not correctly identified, safety
distances may not be kept and connections to the mine openings may be generated during
repository system evolution. Furthermore the humidity of the salt rock due to fluid inclusions
may be higher than expected. With regard to the consequences, the position and volume
of the reservoirs and fractures/faults in the repository mine is crucial. Fluid inclusions are of
special relevance for the disposal areas.

The consequences of unknown geological characteristics are similar to the failure of the

geotechnical barriers. Therefore such evolutions are also subsumed in the corresponding
scenarios.
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8.6.3

Alternative characteristics of the initial FEP

As summarized in section 8.2 processes were identified that may directly affect the function of
the geological and geotechnical barriers. For the reference scenario it has been assumed that
the CRZ will not be impaired by those processes in expected intensity (earthquake, subrosion,
permafrost, permeation of fluids in salt formations). The geotechnical barriers will be designed
to resist the loads from the initial FEP in expected intensity.

Even if alternative characteristics are assumed for the geological processes, the safety func-
tion of the CRZ will not be impaired.

That is different for initial FEP affecting the geotechnical barriers:

106

Migration of bitumina: if the bitumina will leak from the sealing element and migrate via
fractures and faults in the surrounding rock, the sealing function of the shaft seal will be
significantly reduced.

Metal corrosion: the shaft lining includes a steel shell. The corrosion of the steel would
modify hydrochemistry, what may affect the swelling capacity of the bentonite. Thus the
sealing function of the shaft seal is compromised.

Swelling and shrinking of bentonite: to assure the sealing function of the shaft seal
an adequate water saturation and swelling of the bentonite is necessary. The bentonite
swelling forces the fixation of the shaft seal in the shaft column and reduces the hydraulic
conductivity. If swelling is reduced or if shrinking occurs, the sealing function of the shaft
seal is reduced.

Swelling, shrinking and creeping of concrete: concrete swelling closes the contact zone
and initiates the closure of the fissures in the EDZ. Additionally the barrier is fixed in the
cross section of the shaft or drift. Shrinking and creeping of concrete may influence the
barriers properties unfavorably.

Convergence: the salt creeping is an important process for fixation of a barrier in the
cross section of a mine opening as well as for closure of the contact zone and the EDZ.
If convergence rate is lower than expected, the required fixation of the EBS will only be
reached with delay.

Mechanical stress changes: the EBS is designed for expected mechanical loads (e.g.
litho- and hydrostatic pressures, earth quake, thermal-mechanical stresses, swelling
pressure of concrete or bentonite). If higher mechanical stresses occur, fractures may
be induced in barrier components and thus the mechanical stability and the sealing
function is impaired.

Hydraulic stress changes: the EBS is designed for expected hydraulic loads (e.g. hydro-
static pressure, predicted gas generation). If higher hydraulic stresses occur, fractures
may be induced in barrier components, which impair the function of the barrier

Displacement of sealing elements: The swelling of the construction materials (e.g. ben-
tonite, concrete) , will result in a displacement of a sealing element in the shaft. If those
movements are more intensive as expected, marginal flow paths may be generated at
the shaft contour.
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« Setting and compacting of backfill and sealing materials: In the shaft seals, gravel
columns are used as abutment. By gravel properties the compaction is limited to very
small values and then does not affect the barriers function. But if compaction is signif-
icantly higher than expected, the shaft seal is not fixed in its installation location and
therefore may be impaired in its function.

« Corrosion of concrete and material with Sorel phases: Different kinds of concrete are
provided as sealing elements and abutments in shaft seals and drift seals. The func-
tionality of those barrier components will be significantly reduced by corrosion.

« Dissolution and precipitation of salt minerals: crushed salt is used as long term sealing
in shaft seals and drift seals. If MgCl-brine or only partly saturated liquids from the
overburden intrude the crushed salt layers they may be partly dissolved and thus their
function affected. The same process may also occur in the EDZ.

» Microbial processes: microbial sulfate reduction may contribute to concrete corrosion
and additionally occur in the EDZ. This alteration process will modify the hydraulic prop-
erties of the material.

If considered with unfavorable characteristics all processes mentioned above may result in
an impairment or failure of a EBS. Therefore the detrimental impact of those processes and
the consequences of repository system development can be analyzed in the two alternative
scenarios described in the previous section :

« failure of a shaft seal, and

« failure of a drift seal

8.6.4 Alternative characteristics of the initial FEP mobilization and transport of ra-
dionuclides

For the evaluation of the radiological consequences of repository system evolution, the FEP
RN mobilization as well as radionuclide transport in the liquid phase and RN transport in the
gas phase are of highest relevance.

With regard to radionuclide inventory, uncertainties may occur in terms of their chemical form
(e.g. gaseous or easily mobilized). Considering radionuclide mobilization, hydrochemistry is
very important, first for corrosion of the waste container, and second for the alteration of the
waste matrix. For hydrochemistry a band width has been defined resulting from uncertainties
with regard to concentrations, composition and distribution of the constituents. Therefore, if
hydrochemistry deviates significantly from the boundary conditions assumed for design and
closure planning, an early failure of the waste container may occur and corrosion of the waste
matrices (metal, glass, organics) may also be enhanced. Corrosion of waste matrices is
combined with radionuclide mobilization. The hydrochemistry and the amount of free water
also influences the intensity of gas generation induced by the corrosion process. Gas is an
important transport medium for volatile radionuclides.

Radionuclide transport relies on fluid flow and transport (advection, dispersion, diffusion) pro-
cesses. The intensity of those processes depends on the hydraulic (porosity, permeability)
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and chemical (sorption, desorption, complexation, colloid generation, filtration) properties of
the media flowed through (barriers, backfill, EDZ, host rock).

Therefore the alternative scenario on radionuclide mobilization and transport is closely linked
to the alternative scenarios on the failure of barriers.

8.7 Summary

Out of the presented FEP and scenario analysis, a reference scenario and two alternative sce-
narios can be derived to analyze the design and the performance of the EBS. The reference
scenario assumes an evolution of the repository as described in section 8.5. In this scenario,
all technical barriers will work as expected. This scenario is described by the initial FEP as
well as the process FEP describing radionuclide mobilization and transport. Only for this
(reference) scenario, the integrity of the EBS has to demonstrated according to EndISiAnfV
(2020).

The alternative scenarios assume a failure of the components of the EBS. This is the case
for the shaft and the drift seal. As has been shown in section 8.6.2, a failure of the shaft
seal will cause an higher inflow of fluids from the overburden to the repository mine. A higher
geochemically induced degradation of the sealing materials will be also intensified. A failure
of the drift seal is combined with a higher water migration through the drift sealing elements
toward the emplacement fields where a higher metal corrosion of the waste packages and
consequently a higher gas transport and gas pressure build-up can be expected. For these
two alternative scenarios, the integrity of the EBS has to be evaluated. EndISiAnfV (2020)
states in §4 (6) that , it shall be verified and demonstrated that the repository system retains its
function during the assessment period for the alternative scenarios. EndISiAnfV (2020) further
requires in §12 (3) that It shall be ensured that measures for optimizing the repository system
derived from alternative scenarios do not significantly impair the safety of the repository for
the expected developments.

It follows from the requirements of the EndISiAnfV (2020) that the integrity of the repository
as whole, and of the EBS in particular, has to be demonstrated for the reference scenario.
For the alternative scenarios, the integrity has to be evaluated with the aim at showing the
robustness the system. These two approaches are the core principles underlying the safety
and performance assessment of the EBS and they are well illustrated in Figure 8.-3.
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9. Abstraction of scenarios into model computation cases

Given the complexity and non-linear evolution the repository system, with numerous influenc-
ing factors, the safety assessment of the repository system can only be achieved based on
numerical simulations. Scenarios form the foundation for quantitative safety assessment sim-
ulations, utilized for purposes such as integrity analysis or radiological consequence analysis.
The conversion of the scenarios into numerical assessment cases is a non trivial task that
demands careful thoughts because the described scenarios cannot be directly depicted and
evaluated using a single numerical code.

To carry out the model computations, computation cases are defined, each of which repre-
sents model abstractions of the scenarios with defined parameter values, parameter ranges,
or characteristics pertaining to the statistical distributions of the parameter values (Beuth et al.,
2012). Each computation case takes into account the numerical code and the FEP assignable
to that program. Therefore, a computation case can be understood as a numerical model of a
sub-aspect of a scenario (Kock et al., 2012).

For the numerical analysis of the individual scenarios, multiple computation cases are typ-
ically defined. This is partially attributable to the fact that the multitude of processes to be
considered in a scenario often cannot be completely depicted or dealt with using just one
calculation program. Furthermore, depending on the safety-related issue to be assessed for
a scenario (e.g., integrity analysis, long-term radiological analyses), it determines which cal-
culation programs should be employed. Conversely, it is conceivable that a comprehensively
defined computation case is suitable for evaluating the effects of two or more scenarios. In
any case, it is crucial to demonstrate the applicability of the computation cases for the re-
spective scenarios, and ensure that the computation cases defined for a scenario collectively
allow for a comprehensive assessment of all safety-related issues (Beuth et al., 2012). Fig-
ure 9.-1 schematically illustrates the stages and elements, starting from the development of
scenarios, their abstraction into computation cases, as well as the modeling and analytical
evaluation. The overall appraisal of all results from the model computations is then performed
in the synthesis report.

Some limitations arise however when the described scenarios cannot be directly depicted
and evaluated using a calculation program. This may be due to certain processes not being
depictable or only limitedly depictable in terms of modeling, perhaps because the process is
extremely complex and the necessary calculation programs, tools, or data for modeling to the
required degree of detail are not available. Alternatively, it could be because understanding of
the process is less well-developed, resulting in uncertainties in the process description (Beuth
et al., 2012). In such cases, further research and developments work is necessary to increase
the understanding of such processes and to qualify numerical tools to take into consideration
(Kock et al., 2012).

Another challenge is to demonstrate that the numerical analyses are comprehensive in terms
of the processes considered and in terms of the completeness of the processes to represent
a given scenario. Also, the interaction between the processes in the scope of numerical anal-
yses should be considered. Kock et al. (2012) recommend to focus on the smallest possible
number of representative cases, thus systematically generating comprehensive computation
cases from scenarios. However, no general methodology for this process currently exists.
This is especially due to the fact that all model computations incorporate simplifications (e.g.,
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Figure 9.-1: Schematic workflow describing the modeling of processes as intermediary step
between the development of scenarios and PA simulations and Assessment after Beuth et al.
(2012).

concerning the level of detail of repository systems). As already mentioned, not all processes
are well understood and can be proceeded through computations.

In the scope of the Preliminary safety assessment of the Gorleben site (VSG), the strategy of
abstracting scenarios into computation cases consisted on determining in a first step whether
a FEP used in the scenario is relevant in terms of integrity analysis or radiological conse-
quence analysis. Then, computation cases for integrity assessment were considered for mod-
eling using different calculation programs, with which the scales and processes relevant to
the integrity analysis can be considered. In an additional second step, it was examined which
calculation program each FEP could be assigned to. The aim was to account for as many pro-
cesses as possible occurring within the scenarios in the quantitative integrity analysis. This
step also reveals which processes might require further research or development, especially
concerning their implementation in numerical codes, primarily due to possible missing con-
nections. Following that approach, it was possible to consider the majority of the processes
and the scales relevant to the integrity analysis in different and carefully selected numerical
codes so that computation cases comprehensively covered the considered scenarios (Kock
et al., 2012). Figure 9.-2 illustrates how the initial FEP have been assigned to the different
numerical codes guided by the premise of examining as many coupled processes as possi-
ble and covering the processes of the reference scenario with as few computation cases as
possible.

As for the alternative scenarios that affect the EBS, they have to be considered during the
radiological consequence analyses according to EndISiAnfV (2020) in §4 (6). This does not
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Figure 9.-2: Assignment of initial FEP to numerical codes following Kock et al. (2012).

imply that alternative scenarios play no role in the integrity analysis. It is conceivable that
even a less probable development could influence the barrier effect of the final nuclear waste
repository. Therefore, those scenarios have to be considered in the scope of the integrity
evaluation of the EBS. The analysis of the alternative scenarios also plays a key role in the
optimization and the evaluation of the repository system in general and of the EBS in particular
following the requirement formulated in EndISiAnfV (2020) (§12 (3)). In the VSG studies,
the hydraulic evolution of the shaft seal has been analyzed for the reference scenario and
for the alternative scenario evolving a failure of the shaft seal. The objective was to verify
whether the sealing system is fundamentally capable of preventing the access of surface,
overburden, and formation waters to the radioactive waste, even in the event of a shaft seal
failure. Additional objectives were to examine whether a sufficient temporal delay of the salt
solution’s occurrence in front of the drift seals is ensured, even in case of a shaft seal failure, so
that the compaction of the salt backfill has progressed sufficiently. From this evaluation, it was
possible to determine the pressure or pressure build-up rates as inner boundary conditions
on individual sealing elements, which are examined in detail in the context of the in-depth
integrity verification (Muller-Hoeppe et al., 2012a).

Based on the experiences gained from previous projects discussed above, one can derive the
following rules in the abstraction of scenarios into simulations:

» The reference scenario is described by the identified initial FEP. Thus the abstraction of
these initial FEP into simulations allows the numerical representation of the reference
scenario. The more initial FEP are considered the more complete will be the modeling
of the reference scenario.

» The premise guiding the abstraction is to consider as many coupled processes as pos-
sible and to cover as many processes of the reference scenario as possible with as few
computation cases as possible.

* The abstraction of scenarios into simulation is carried out based on the available com-
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putational capabilities. Each computation case takes into account the numerical code
and the FEP assignable to that program.

» Depending of the computer code at hand several computation cases are necessary to
represent a scenario.

+ Alternative scenarios that consider the EBS should be treated in the scope of the in-
tegrity evaluation and of the radiological consequence analyses. The abstraction of this
scenario are not carried out by the initial FEP but by representing the expected events
that occurs when those scenarios arise.

« Initial FEP and other processes that cannot be analyzed through modeling should be
treated verbal argumentatively based on the actual state of knowledge covering these
processes.

To follow these rules, the proposed methodology recommends the use of more realistic inte-
grated models where most of the components of the subsystems to be analysed are explicitly
considered in the numerical model. Those components are described in tables 8.-2 and 8.-3
for the subsystems shaft seal and drift seal. By applying this strategy, the interactions between
the components are automatically considered. Initial FEP affecting each of these components
are to be considered during the numerical analyses by means for example of adequate con-
stitutive models (e.g. use of a qualified constitutive swelling model to represent the swelling of
bentonite) or by taking assumptions in the modeling to represent the effect of an initial FEP in
a specific component (e.g. representing the effects of swelling of bentonite by initializing the
stresses resulting from the swelling effect in the bentonite component of the model). Com-
ponents and processes that cannot be included in such an integrative numerical model can
be treated in dedicated numerical analyses at the component level. The possibility to use
surrogate models in the future represent a promising way to include the effects of complex
processes into the integrated model. Implementing this strategy necessitates the use of ex-
tensive numerical models that range from the component level to the broad fern field level
and requires high performance computing capabilities to cary out the simulation cased. This
strategy has been tested in the modeling work package of the project RANGERS.
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The goal of the Integrity Analysis is to determine whether the assumed developments of the
repository system lead to loads that could compromise the integrity of the CRZ over the veri-
fication period (Kock et al., 2012). Taking into account the CRZ concept, the integrity analysis
has to be carried out for the geological barrier and for the EBS. In each case, a verification
concept is needed to evaluate the state of the barriers over the course of the repository evo-
lution. The verification concept is derived from the safety concept which itself has to comply
with the regulatory requirements. Based on the EndISiAnfV (2020), a methodology for the
verification of integrity of EBS in salt repositories is derived in this chapter.

10.1 Regulatory requirements

The secure containment of radioactive waste in salt repositories is ensured through the com-
bined effort of the geological barrier and the engineered barrier system. The EBS is specifi-
cally designed to seal the rock mass that has been penetrated in order to install the repository.
From the primary objective of protecting humans and the biosphere from the harmful effects of
the disposed radioactive waste, fundamental object-specific requirements for the EBS arise.
Those requirements are anchored in the regulations in force.

The safety philosophy underpinning the EndISiAnfV (2020) highlights the critical importance
of the containment-providing rock zone (CRZ) within the host rock formation as a key geo-
logical feature ensuring the long-term containment and isolation of radioactive materials. The
legislation distinguishes between two types of barriers within this system:

+ Essential Barriers (wesentliche Barrieren): These barriers are fundamental to the se-
cure containment of radioactive waste within the CRZ.

+ Additional Barriers (weitere Barrieren): These barriers complement the essential barri-
ers, providing an additional layer of defense to further prevent the migration of radionu-
clides.

In repositories located in salt formations, the salt host rock serves as the essential barrier due
to its unique properties, such as low permeability, plasticity, and self-healing capabilities. The
geotechnical barriers, such as those within the Engineered Barrier System (EBS), function
as additional barriers, complementing the host rock’s containment capabilities by sealing the
repository and mitigating fluid migration.

While the EndISiAnfV provides detailed guidelines for the integrity assessment of essential
barriers, it offers limited regulatory specifications for additional barriers. Given the supporting
role of these barriers in the overall safety concept, more detailed and comprehensive regula-
tory requirements may be necessary to ensure their performance is rigorously assessed and
optimized.

This need is particularly significant for the EBS in salt repositories, as the EBS plays a crucial
role in sealing the repository and preventing fluid migration into or out of the system. Unlike the
salt host rock, which forms a natural barrier, the EBS must rely on engineered solutions, such
as drift and shaft seals, to achieve the same impermeability. In the context of salt formations,
where the EBS represents the only potential pathways for fluid migration, we recommend
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extending the requirements formulated for essential barriers (e.g., the salt host rock) to include
the EBS up to the end of the planned life time of the EBS. This extension would ensure that
the EBS meets the same rigorous standards for long-term integrity and containment as the
host rock itself.

By applying equivalent regulatory requirements to the EBS, the overall robustness and safety
of repositories in salt formations can be significantly enhanced, ensuring compliance with
long-term safety objectives.

In this regard, EndISiAnfV (2020) requires that the properties of the technical and geotechnical
barriers, which are relevant for the secure containment of radioactive waste, are maintained
for at least the period during which these barriers are required according to the safety concept
(§ 5 (1)). For the EBS, the primary properties referenced by the regulation is the sealing
properties of the shaft and the drift sealing system as well as the sealing properties of the
long term seal made of crushed salt in the repository mine.

Further requirements concerning the integrity of the EBS as part of the CRZ are formulated
in § 5 (2) of the same regulation where it is stated that the integrity of the CRZ should not
be significantly impaired by the development of temperature, and by possible changes in the
chemical conditions in the repository.

Specific requirements for the geological barriers in § 5 (2) also apply for the EBS because
the contact zone between the EBS elements and the geological barriers are a critical path
that need to be verified in order to secure the safe containment of the CRZ. Therefore the
dilatancy strength at the contact zone between the EBS and the rock formations in the CRZ
should not be exceeded due to expected stresses (dilatancy criterion), and the expected fluid
pressures should not exceed the fluid pressure capacities at the interface EBS/rock formations
in a manner that leads to a significant increase in fluid pathways in the CRZ (fluid pressure
criterion). The dilatancy criterion is used to assess the impact of mechanical damage to the
rock mass caused by deviatoric stress, whereas the fluid pressure criterion takes into account
the formation of flow paths driven by fluid pressure (Kock et al., 2012).

One can summarize from these regulative requirements that the THMC evolution of the repos-
itory system should not endanger the sealing properties of the EBS embedded in the CRZ.
From this premise, a specific integrity assessment concept for the EBS can be developed.

10.2 Basis for the design of EBS

Geotechnical engineered barrier structures are typically characterized by their layered con-
struction. Within these structures, individual components fulfill various functions. Common
components include sealing elements and abutments, complemented by backfill columns and
filter layers. Depending on the specified requirements and system properties, these subsys-
tems can be arranged in a diverse and redundant manner. For each of these components,
specific safety functions are assigned. These safety functions dictate the different individual
assessments to be carried out for each component.

Viewing geotechnical engineer barriers as geotechnical structures facilitates the direct appli-

cation of engineering standards in their design and assessment. This approach is in line with
the internationally recognized state of the art and is realized using the method of partial safety
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Figure 10.-1: Basic principle of the method of partial safety factors (Jobmann et al. 2017b).

factors. The semi-probabilistic, reliability-oriented safety proof concept of partial safety factors
is based on the Eurocode standards (DIN EN 1990, 2010) and is recognized in the construc-
tion industry for assessing load-bearing capacity. This method has been exemplarily applied
to an element of a generic shaft closure in a previous research project (Eberth and Muller-
Hoeppe, 2009), and within the preliminary safety analysis for the Gorleben site (VSG) for the
design and assessment of the closure concept for shafts in rock salt (Miller-Hoeppe et al.,
2012b,a). Another application example is contained in Kudla et al. (2013), demonstrating the
assessment procedure using a sealing and a supporting element in rock salt.

The transfer of the practical construction approach to the assessment concept for geotech-
nical barriers allows the description of the structure and its properties in respective design
situations by equilibrium states. The actual assessment is conducted through a limit state
consideration, where the effects on the structure are compared with the resistances of the
construction. Calculation cases arise according to the design-determining combinations of
effects and system properties (similar to the load cases in the Eurocode) with which the limit
state consideration can be carried out.

Referring to a limit state is sensible since both loads and resistances arise from typical dis-
tribution functions. The resulting scatter of both sizes leads to a range of possible states.
The limit state describes the condition in the structure where the construction just meets the
requirements and beyond which compliance with the design requirements is no longer given.
Formally, to meet the requirement condition, it must apply that the resistances are greater
or equal to the effects. The design values are determined from the characteristic values of
the loads and the properties of the barrier in combination with the partial safety factors. This
approach is illustrated in Figure 10.-1. This procedure is applied to all loads and resistances.

Design values for individual assessments are derived from the characteristic values of loads

and properties of the barrier, combined with the respective partial safety factors. By applying
the method of partial safety factors, both the loads and resistances, or the included parame-
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ters of the target relationship, are assigned partial safety factors. Loads (Eq4) are multiplied by
the partial safety factors, thus increasing them. In contrast, resistances (Rq) are divided by
the partial safety factors, thereby reducing them. This approach and the application of par-
tial safety factors generally cover uncertainties in the representative values of influences and
uncertainties in the construction properties.

Model uncertainties in loads and resistances are captured as necessary depending on the
model formation via model factors. In cases of high accuracy of the models, model factors are

typically not considered (Eberth and Miiller-Hoeppe, 2009).

The basic requirement is
Eq < Ry

thus breaking down into concrete calculations for both terms. On the influence side, for Egq,
E4 = veq - E(Fdi; adi; Xai)

with Fg = Design values of various influences (i), agi = Design values of the respective geo-

metric sizes, X4 = Design values of the respective material properties.

The design values of the influence Fy are determined by multiplying the characteristic individ-

ual value (Fk) with the partial safety factor of the influence ().

Fo =~r- Fk

For the design values of the material properties Xq4, according to previous explanations,

Xa =1 Xk)/Ym

with 1 = Conversion factor for load duration, humidity, etc., Xx = Characteristic value of the
material properties, vn = Partial safety factor of the material property.

On the resistance side, the design resistance is derived from

Rq = 1/vR4 - R(aadi; Xdi)

with: ygrq = Partial safety factor for model uncertainty in the resistance model.

The individual verifications of the considered limit states are to be conducted “in the range of
load-bearing capacity proofs”, meaning that the reliability level of a load-bearing capacity proof
is achieved. This safety concept is necessary to ensure a design that meets the requirements.
For the considered structures, the proof of impermeability is seen within the range of a load-
bearing capacity proof, as the loss of impermeability can pose a “danger to life and limb”
(DAfStb, 2011). Unlike the definitions of the Eurocode, the term load-bearing capacity is not
solely understood as mechanical stability. It serves as a synonym for preventing a danger to
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life and limb and can also be applied to hydraulic resistance. Adherence to the reliability level
for load-bearing capacity in the respective proof ensures the functionality of the construction.

The application of an appropriate reliability level is necessary for a requirement-compliant
design, as otherwise, a failure of the impermeability or structural integrity could pose a “danger
to life and limb”. This particularly affects the confidence level of the reliability proof. The
probability of failure pf is sufficiently described for a load-bearing capacity proof with 10~* over
the intended use or functional duration (DAfStb, 2011). Thus, the functional proof includes that
the barrier, over its lifespan, does not fail prematurely with a probability of failure pf < 1074,
or the survival probability ps of the barrier is ps = 1 — pf (MUller-Hoeppe and Krone, 1999).

The various influencing factors can be determined both through deterministic and probabilistic
methods. For instance, the geometry of the construction results from the design, and loads
can be identified based on statistical data and limit value estimations. Material properties
can also be derived from a statistical basis (Muller-Hoeppe and Krone, 1999). If the current
regulatory framework does not describe suitable partial safety factors, these can be deter-
mined through probabilistic methods or calibration (Kreienmeyer et al., 2008). Figure 10.-2
schematically illustrates the methods for determining partial safety factors.

Deterministic Methods Probabilistic Methods
Historical Methods Fi;;t‘?]rdjr T%islt’/:“ty Full Probabilistic
Empirical Methods ethods ( ) <+ Methods
(Level 1) (Level I11)

Calibration Calibration |
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Figure 10.-2: Reliability methods for determining partial safety factors (DIN EN 1990).

The technical regulations that can be used for assessment primarily include:

» Eurocode 0, Basis of structural design (DIN EN 1990, 2010)

» Eurocode 1, Actions on structures — Part 4: Actions on silos and liquid retaining tanks
(DIN EN 1991, 2010)

» Eurocode 7: Geotechnical design — Part 1: General rules (DIN EN 1997, 2014)
+ GDA Recommendations Geotechnics of landfills and contaminated sites (DGGT, 1997)

+ DAfStb Guideline Concrete construction when dealing with substances hazardous to
water (DAfStb, 2011)
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10.3 Integrity assessment and verification concept of the EBS

As prescribed in the regulatory requirements, The EBS must exhibit sufficient hydraulic resis-
tance during a defined functional period to prevent fluid transport into or out of the repository.
To ensure the preservation of these properties over the functional period, the structural in-
tegrity of the construction must be demonstrated. If the barrier’s resistances in a specific
design case are sufficient against the impacts or combination of impacts, and if the feasibility
of the construction is proven, then the functional verification is considered established. The
basic structure of this proof is shown in Figure 10.-3.

The basis for this proof is the conceptual design of the individual barriers, described in the
sealing concept. The subsequent verification is essentially divided into two steps.

In the first step, structural integrity verification must be provided for each individual barrier.
To demonstrate structural integrity, the impacts or loads acting on each barrier after its con-
struction must first be specified. This can be determined using the site-specific FEP catalog.
From this catalog, those FEPs that describe an impact on the specific barrier can be identified.
Once the FEPs and thus the impacting processes are identified, the impacts on each barrier
can be specified.

In the second step, it must be proven that using all geotechnical barriers, including the back-
fill in the repository mine, the advection criterion can be maintained. For this purpose, the
hydraulic resistances of all barriers and backfills are considered in conjunction, and it is ex-
amined whether the total hydraulic resistance is sufficient. In this context, and with a focus
on the required redundancy and diversity of the barrier system, it is necessary to examine to
what extent the failure of individual barrier components might affect the integrity verification.
For this purpose, the hydraulic conditions must be specified. This involves the hydraulic re-
sistances of all barriers and backfills, as well as the hydraulic gradients that will eventually
establish themselves in the mine, as these drive the flow through the barrier system. If it can
be demonstrated that the advection criterion is also met, then the verification of the integrity
of the EBS is considered established.

Furthermore, (EndISiAnfV, 2020) requires in §6 (4) that, It is to examine and demonstrate
that the manufacturing and construction of the barriers, according to these specifications, can
be quality-assured in the required quantity. The planned quality assurance must correspond
to the current state of science and technology. The manufacturing and construction of the
barriers must have been successfully tested under realistic conditions. Their function under
these conditions needs to be examined and demonstrated. Consequently, a new criterion of
constructability must be established.

The regulations in (EndISiAnfV, 2020) mandate not only the demonstration of integrity but
also the robustness of the Containment Rock Zone (CRZ), a requirement that extends to the
Engineered Barrier System (EBS). The methodology presented herein offers insights into how
the robustness of the EBS can be effectively demonstrated.

The following sections explain the individual proofs and the methodology used for verification.
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Figure 10.-3: Integrity assessment diagram (Muller-Hoeppe et al., 2012b).

10.4 Demonstration of the structural integrity

The demonstration or verification of structural integrity comprises the following five individual
verification criteria (MUller-Hoeppe et al., 2012b):

« Structural Stability (commonly referred to as “Load-bearing Capacity”)
 Crack Limitation

» Deformation Restriction

Filter Stability

» Long-term Stability (also known as “Durability”)

Should any of these five individual proofs fail, the conceptual design of the respective barrier
must be revised until all can be successfully demonstrated.

10.4.1 Structural Stability
Sealing effectiveness and load distribution are the two main functions of a geotechnical bar-
riers. Within a barrier, these functions are assumed by different elements, typically assigning

only one of these functions to each element. Load distribution and mechanical load-bearing
capacity are functions of abutments, which can be cohesive or non-cohesive.
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The load-bearing capacity of non-cohesive abutments, such as gravel columns in shaft clo-
sures, is primarily defined by settlement stability.

Cohesive building materials, like concrete abutments that develop adhesion within the material
and with adjacent rock due to binders, are covered by the crack limitation proof for mechanical
load-bearing capacity. For cohesive materials, any mechanical damage is always preceded by
crack formations. If crack limitation can be proven for these materials, mechanical damage is
ruled out, and the proof of mechanical load-bearing capacity is established. If crack limitation
proof is unsuccessful, mechanical load-bearing capacity must be separately demonstrated.

The proof of crack limitation is established if no cracks occur in the structure. If it can be
shown that no damage occurs to a cohesive abutment during the analysis of loads acting on
the concrete element, then the proof of crack limitation is considered fulfilled. If complete crack
freedom cannot be demonstrated, then the limitation of cracks must be shown as part of the
usability proof. For concrete, fracture criterion by Ottosen (1977) can be used for assessment.
Accordingly, the criterion is defined as follows: It must be demonstrated that no significant
damage occurs during the functional period within the verification period.

10.4.2 Crack Limitation

Crack limitation proof is relevant for both sealing elements and abutments. Crack formations
are encouraged by mechanical overloading of individual subsystems (see above section) or
thermal-mechanical-chemical processes during installation and over repository evolution.

An example of crack formation due to volume or temperature changes is the cooling process of
hot-installed bitumen or asphalt seals, where the sealing material undergoes cooling-induced
volume shrinkage. As observed in practice, this shrinkage can reduce the effective sealing
length of the seal by contracting and detaching from the contour in the upper part of the seal
(Herold et al., 2020).

The formation of cracks in sealing materials is influenced by the mechanical and hydraulic
conditions imposed on the seal and its contact area. Specifically, crack formation can occur
when the fluid pressure criterion is violated, meaning the fluid pressure exceeds the smallest
principal stress within the seal or at its interface with the surrounding rock (Muller-Hoeppe and
Krone, 1999). A notable example of this phenomenon was observed in a large-scale shaft
closure experiment conducted in Salzdetfurth, where excessively rapid loading of a bentonite
seal element resulted in seal damage (Teichmann et al., 2002).

More generally, cracks are expected to form when the material’s strength limits are exceeded
under mechanical loading. This can occur due to stresses caused by external loads, thermal
expansion, or differential settlement. Proper design and gradual loading are therefore essen-
tial to ensure the integrity of the sealing material and to avoid crack formation during both the
construction and operational phases of the repository.

10.4.3 Deformation Restriction
Engineered barriers are typically characterized by one or more sealing elements being held in

position by abutments. This is especially necessary for swelling material seals. The swelling
process of the sealing material only leads to sealing if the planned swell pressure within the
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seal is achieved. If the seal undergoes unplanned large volume expansion due to swelling, the
planned swell pressure is not achieved. The abutments, especially in drift sealing systems,
must therefore be deformation-stable and firmly anchored in the rock to ensure positional
stability.

Especially for shaft closures, to ensure the positional stability of the seals, proof of sufficiently
small settlements in the abutments and filter layers, which act as support for the respective
seals, is required.

The proof of deformation stability involves demonstrating that the abutment itself is positionally
stable and allows only minor expansion or deformation of adjacent sealing elements. In this
context, (Wagner, 2005) noted that limited displacement of an abutment, for example, due to
the swelling pressure of the bentonite, can be tolerated without causing a bentonite sealing
element to become so loosened that its sealing effect is impaired. The criterion can be defined
and quantified as follows: It must be proven that potential displacements of the abutment away
from the bentonite sealing element are less than 3% of the length of the adjacent bentonite
sealing element.

It should be noted that the investigations leading to the aforementioned 3% limit for displace-
ment were conducted exclusively with Ca-bentonite (reference material). It is currently not
ruled out that using a different type of bentonite, for example, sodium-dominated, might slightly
alter this limit. This needs to be verified in the given case.

For crushed salt, the deformation of the host rock could, under certain conditions, displace
the abutment, potentially increasing the initial volume of the space where the long-term seal
is installed. This expansion of the initial volume may result in an extended compaction period
before the seal reaches its intended functionality. To evaluate this effect and its implications on
the sealing performance, a numerical analysis is required to simulate the interactions between
the host rock deformation, abutment displacement, and crushed salt compaction behavior.

10.4.4 Filter Stability

The subsystems of individual closures, especially sealing elements made of granular mate-
rials, must be tested for their filter stability. This stability can be characterized by preventing
erosion and suffusion processes in the considered subsystem. High hydraulic gradients due
to fluid ingress from possibly existing aquifers can pose an increased risk of erosion and suf-
fusion during the saturation phase. This must be countered by constructive measures. A lack
of filter stability can, for example, lead to a reduction in the tightness of sealing elements.

When assessing the risk of material transport, a distinction is generally made between cohe-
sive and non-cohesive materials based on the classification according to DIN 18196 (2011).
Medium-plastic fine and mixed-grain mineral mixtures that possess effective cohesion are
classified as cohesive materials. Coarse-grained and slightly plastic fine-grained mineral mix-
tures are considered non-cohesive materials.

Cohesive materials are significantly less sensitive to all forms of material transport compared
to non-cohesive materials. Due to their internal binding forces, cohesive materials consist of
interlocked and thus less mobile particles than non-cohesive materials. Under certain flow
conditions, larger material parts, known as aggregates, can be dislodged from the composite.
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The risk of material transport decreases with increasing cohesion. Cohesive materials can
absorb so much water at stress-free interfaces (e.g., at crack surfaces and cavities due to
manufacturing defects or natural influences) that they almost completely lose their internal
binding forces and thus their strength. In combination with flowing water, the risk of material
transport increases (BAW, 2013b).

Clays or bentonites, from which sealing elements are made, are categorized as cohesive ma-
terials. In cohesive materials, individual particles are bound to each other by chemical and/or
physical binding forces to the extent that individual particles are not freely movable. However,
movable aggregates (group of interconnected particles) can form along weak zones in co-
hesive materials. The vulnerability of cohesive materials to material transport is significantly
lower than that of non-cohesive materials due to the typically present aggregate size.

In the evaluation of filter stability, a fundamental distinction is made between two types of
material transport: suffusion and erosion.

Suffusion refers to the rearrangement and transport of fine fractions of a material within the
pore space of the coarse fraction’s grain framework (BAW, 2013b,a). Here, the supporting
grain framework remains unchanged, and no destruction of the material structure occurs. As a
result of suffusion, the pore volume and permeability of the material increase, while its density
decreases. With the increased permeability of the material, groundwater flow increases at
a constant hydraulic gradient. Progressive suffusion can facilitate erosion processes if the
stability of the supporting grain framework is reduced by the removal of fine material.

In order to prevent suffusion, the installation of filter layers has to be taken into account in the
design process. The filter should not be designed to retain the entire fine and re-arrangeable
grain spectrum. Otherwise, fine particles can deposit in front of the filter layer, reducing the
hydraulic permeability. This increases the fluid pressure in front of the filter. The design of
a grain filter for suffusive materials can follow the procedure by Lafleur et al. (1993). For the
grain size distribution of the designed filter itself, proof against suffusion is also required to
ensure the filter remains functional.

Erosion is defined as the relocation and transport of almost all grain fractions of a soil caused
by water flow (BAW, 2013b,a), resulting in a change in the supporting structure. Erosion pro-
cesses can pose an acute threat to the stability of an earth or massive construction. For the
assessment of filter stability in sealing structures made of cohesive or binding materials, con-
tact erosion and joint erosion are relevant. Internal erosion is covered by suffusion safety, and
the proof against external erosion on the surface of a body is based on hydraulic calculations
in the case of layer-parallel flow. This is not relevant for seals in underground drift and shaft
seals, as layer-normal flow must be assumed in these cases.

10.4.5 Durability

According to the safety requirements (EndISiAnfV, 2020), the integrity of the CRZ must be
proven for the stipulated period of 1 million years. For the geotechnical barriers, a functional
period must be defined in line with developments, during which their functionality must be

ensured.

The definition of the functional period of the geotechnical barriers depends on the long-term
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development of the final repository system. In salt repositories, significant uncertainties exist
regarding the compaction rate of the crushed salt and its permeability in compacted state rel-
ative to the degree of compaction. This is especially the case at advanced stages of crushed
salt compaction, i.e., at very small porosities. Depending on the prevailing temperature and
the presence of moisture, the compaction of the crushed salt until the required properties are
achieved can take several decades to several thousand years. Due to these uncertainties, the
design of the EBS is based on a target value for the functional duration of 50,000 years.

The integrity and verification concept is based on the EUROCODE, which was designed for
structures with a service life of less than 100 years. This raises the question of whether the
concept is viable for the defined service life of the EBS of 50,000 years. The only difference
between a material used in standard technical constructions and one applied in a final repos-
itory lies in the required duration of the material’s durability and its properties. While in typical
technical applications, material durability needs to be proven for up to 100 years, in the con-
text of a final repository, the durability and the material properties must be demonstrated for a
significantly longer period up to 50,000 years. The key point to tackle this problem resides in
the evaluation of the long-term stability of the materials used in the construction of the EBS.
The design of a structure based on the EUROCODE concept is valid for higher functional time
periods if one can show that the expected degradation of the material from which the struc-
ture is made is either limited or non existent under the loading, environmental and geological
conditions to be expected.

In this regard, the long-term durability must be demonstrated for the entire respective EBS. In
practice and according to regulatory standards, “durability” is defined as sufficient resistance
of the material to environmental influences. The criterion is defined as follows: It must be
proven that the properties of the elements of a closure structure are preserved over the defined
functional period.

The durability or long-term behavior of the used materials can be evidenced by natural analogs.
This is especially the case for clay and salt sealing materials used in the shaft and drift closure
structures. These materials have a proven long term stability as the clay and salt geological
formations have been formed several hundred millions years ago. In this regards, the dimen-
sions of the sealing elements made of materials with proven natural analogs should be as
large as possible to act as the natural analogs. An initial conclusion that can be drawn is
that the thickness of the sealing element is a crucial factor. It has already been substantiated
through historical analogs that particularly massive constructions tend to endure over long
periods. A significant advantage in this context is the underground location of the sealing
element. Historical structures located underground and made from durable materials often
exhibit a high degree of preservation (Mlller-Hoeppe and Krone, 1999).

For building materials where property-altering alteration processes are expected, such as
cement-based concrete materials, geochemical analyses are necessary to evaluate or op-
timize the stability of the cement structures in contact with the groundwater solution to be
expected in the repository over the functional period. For instance, it has been proven that
Sorel concrete are geochemically stable in MgO-rich waters. Thus, it is therefore possible to
design the EBS in such a way that MgO-rich waters can be expected in the repository. Ma-
terials like bitumen or asphalt, considered impermeable to liquids and gases, are also seen
as long-term stable materials (Herold et al., 2020), but over a proof period of 1 million years,
changes—for example microbial activities— cannot be ruled out, so functional periods must be
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defined for these materials.
10.5 Demonstration of hydraulic resistance

The hydraulic resistance or sealing or tightness criterion is applied in engineering and de-
scribes, in terms of the method of partial safety factors, the limit state of sealing (Miller-
Hoeppe and Eberth, 2009): A barrier is considered tight if, during the functional period, the
front of the infiltrating medium contaminated with pollutants does not reach the opposite front
of the barrier. This definition provides a sufficient criterion for tightness. However, applying
this criterion requires defining a verification period, as without it, the criterion remains indeter-
minate.

For geotechnical barriers, in accordance with the safety concept, a verification period of
50,000 years is established. Therefore, it seems appropriate to select an exposure period
of 50,000 years for the quantitative demonstration of sealing. The position of the penetration
front then provides a design criterion for proving sealing.

The required thicknesses of the sealing elements in the geotechnical barriers to ensure seal-
ing are then determined only by the physical properties of the penetrating medium, such as
viscosity, pressure, etc., and of the barrier, like permeability, porosity, saturation, etc. This
reduces the task to determining the properties of the penetrating medium and ensuring the
required barrier properties over the verification period (Muller-Hoeppe and Eberth, 2009).

In terms of the limit state of sealing, impacts on and resistances of the sealing structure must
be determined. The impacts are characterized by the penetrating fluid and other FEPs that can
affect the hydraulic transport through the sealing structures in the planned sealing site. The
possibility of unfavorable deviations of impacts from their representative values is captured
by a partial safety factor. The same applies to the possibility of unfavorable deviations of
resistances from their representative values, where resistances are typically characterized by
the representative values of material properties and the geometric data of the construction.

Partial safety factors generally represent factors by which the numerical expression of unfa-
vorable impacts is increased or the numerical expression of resistances is decreased. The
partial safety factor for material properties is introduced to consider the possibilities of unfa-
vorable deviations of material properties from their characteristic values and a partial safety
factor to capture unfavorable deviations of the geometric data from characteristic (set) values
(of the construction) governed by tolerance specifications. Furthermore, a partial safety factor
is conceivable to account for uncertainties in the design and assessment.

10.6 Demonstration of constructability

All components of a closure structure must be manufacturable or constructible under the local
conditions of the planned sealing site. In this regard, the EndISiAnfV (2020) requires in §6(4)
that: The properties required for long-term safety of technical or geotechnical barriers must
be specified in the safety concept. It must be examined and demonstrated that the production
and construction of the barriers according to these specifications are possible with the required
quality assurance. The intended quality assurance must correspond to the state of the art in
science and technology. The production, construction, and function of the barriers must have
been successfully tested, insofar as their robustness cannot be otherwise demonstrated and
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there are no safety reserves to an extent that would allow forgoing testing.

This leads to the following criterion: It must be proven that the closure structures can be
constructed under the local conditions of the planned sealing site in such a way that their
assigned performance objectives are met.

Fundamentally, the assessment can be conducted by comparing with similar structures that
have been erected nationally or internationally and have been successfully tested. If com-
parable structures have not yet been constructed, the proof of manufacturability can also be
provided through the execution of a large-scale in-situ experiment, which encompasses both
the construction and the functional test. In this regard, the factors listed in DGGT (1997)
should be appropriately applied to the assessment of underground closure structures and
detailed. These factors include:

« Manufacturing prerequisites

» Handle-ability and sensitivity to errors of the manufacturing process
+ Sensitivity of sealing materials to installation stresses

+ Testability

+ Possibilities for improvement and repair

In addition, a quality assurance program must be provided, which includes test plans de-
scribing the quality-assuring procedural steps and quality agreements describing the quality-
assuring properties. The Eurocode (DIN EN 1990, 2010) notes that, if applicable, EN ISO
9001:1994-08 (1994) can also be used for quality management measures. In the case of
barriers in a final repository, a comparison with the IAEA recommendations on quality man-
agement should also be made (IAEA, 2008). Only after the presentation of a feasible quality
assurance program for the function-defining properties can the functionality of the individual
barrier component be proven.

10.7 Demonstration of robustness

In EndISiAnfV (2020) robustness is defined as the insensitivity of the safety functions of the fi-
nal repository system and its barriers to internal and external influences and disturbances. Be-
cause, the proposed verification concept is based on the semi-probabilistic, reliability-oriented
safety concept, the robustness of the EBS in the scope of integrity assessment can be an-
alyzed by means of partial safety factors that affect the loads acting on the EBS and the
properties of the materials (resistances) used in the EBS. In this regard, the safety factors
account for the uncertainties of the EBS in the repository system.

The safety factors used in the design correspond to a specific probability of survival of the
structure which is inversely correlated with a probability of failure. By decreasing, the prob-
ability of failure for the verification period, i.e 50000, one can increase the robustness of the
system. For that, the safety factors need to be calibrated for the defined probability of failure.
One refers to Figure 10.-1 for calibration method of safety factors.

A different approach may consist in progressively increase the safety factors to determine the
limit under which the system will collapse. This state corresponds to the lowest probability of
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failure of the structure. Such an approach is usually used in the design of tunnel constructions
and it is called as phi-c-reduction (ltasca Consulting Group, Inc., 2021). In the context of the
EBS with different materials involved in contact which different geological layers, this approach
is more difficult to implement and requires a considerable computational effort.

Another method to explore the robustness of the system is through extreme state analyses.
In this approach, parameters are chosen to be extreme — even ’unrealistically’ so — in an
attempt to push the system to the limits of its robustness (so-called what-if scenarios). This
approach was pursued in the scope of VSG in several integrity assessment analyses. For
example, in the thermal-mechanical calculations involving the mine structure, the heat input
into the final repository was altered to very unrealistic values to test the behavior of the final
repository system under extreme conditions. Similarly, unrealistically high values were used
in the hydraulic calculations within the mine structure, for instance, for the fluid saturation of
the backfill (Kock et al., 2012).

The limit state approach can also be combined with the semi-probabilistic, reliability-oriented
safety concept. Such a combination is useful for the cases where the safety factors for specific
impacts cannot be easily estimated. In this case, one can consider unrealistic manifestation
of such impacts to assess the robustness of the system.

Another approach consists of determining the probability of failure the system through a fully
probabilistic methodology. In this approach, the factors influencing the resistance and the im-
pacts on the structure are described by the probability functions. The limit state analysis of
the system are performed with Monte Carlo simulations to determine the robustness of the
system. This approach has been employed by Wagner (2005) for the design of a shaft sealing
structure in a salt repository. Although this approach represents the most complete one, it
remains the most challenging due to the urge amount of simulation cases to be realized. It
remains non practicable even regarding the rapid advancement in the development of numeri-
cal tools. Model simplifications are therefore necessary. On the other hand, this approach can
be useful in the determination of safety factors that can be used in other methods discussed
above.

In conclusion, the assessment of the robustness can be considered as part of the integrity
evaluation as the system is pushed way above the safety criteria to be met in the scope of
the integrity assessment. Different methods can be used to assess different specific cases.
Those cases depend on the local situation at the planned sealing site. A combination of all
the discussed approaches is also possible. The robustness evaluation requires a significant
computational effort. Further work is necessary to determine how complete a robustness
analysis can be performed with the available numerical tools of today.

126 BGE TEC 2025-07



11. Integrity evaluation

11. Integrity evaluation

Integrity evaluation encompasses the integrity analysis for less likely repository evolutions.
According to EndISiAnfV (2020), the integrity of the CRZ (therefore of the EBS) is not to be
demonstrated for the alternative scenarios. But those scenarios have to be considered in the
optimization of the repository system as required in §12 of EndISiAnfV:

The safety concept and technical design of the final repository must be optimized
considering all circumstances with attention to the balance of measures to achieve
the following goals:

1. The long-term safety of the final repository, particularly the quality of the
safe enclosure of radioactive waste and the robustness of the final repository
system, and

2. The optimization is complete when further improvement of safety can only
be achieved with disproportionately high effort.

3. In the optimization of the final repository, in addition to the expected and
alternative developments according to § 3 paragraphs 3 and 4, the hypo-
thetical developments and developments based on future human activities
according to § 3 paragraphs 6 and 7 must also be considered. It must be
ensured that measures to optimize the final repository system, which are de-
rived from alternative developments, do not significantly impair the safety of
the final repository for the expected developments.

Based on these requirements, the integrity evaluation is considered in the proposed method-
ology by providing essential insights about the robustness and the optimization of the EBS.
In our understanding, only the alternative scenarios are relevant for the integrity evaluation of
the EBS. Less likely scenario such as human intrusion or other hypothetical scenarios occur
independently of the EBS.

By focusing on the alternative scenario, one already assumed that the integrity of the EBS
is partly not verified. In this case the integrity evaluation does not considered the structural
integrity of the EBS but focused only on the hydraulic resistance of the EBS under harsher
conditions, i.e. when only a part of the EBS is still functional. From the FEP, the main al-
ternative scenarios affecting the EBS are the failure of a shaft seal, and the failure of a drift
seal. The evolution of the repository for such conditions is the main objective of the integrity
evaluation.

In the past, the integrity evaluation was considered in the radiological long-term assessment.
According to BMU (2010), the maintenance of the integrity of the CRZ must be demonstrated
for probable developments. Less likely developments, as per BMU (2010), should be con-
sidered within the framework of the radiological long-term assessment. It is conceivable that
even a less likely development could influence the barrier effect of the CRZ. Any change in the
barrier effect must then be taken into account in the radiological consequence analysis (Kock
etal., 2012).

In the propose methodology for the EBS, we propose to separately evaluate the EBS within
the repository system independently of the radiological evolution. Although the methodology
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for performance assessment is also applicable for the integrity evaluation. This is especially
the case because the advancements in the development of numerical tools for performance
assessment allow the simulations of complex models at repository scale. In this regards, the
modeling of the EBS can be integrated in a model dedicated for the performance assessment
of the repository system.

111 Methodology for performance assessment

Performance assessment plays a critical role in the safety case for a waste repository, as
emphasized by the US NWTRB (Nuclear Waste Technical Review Board). It is primarily aimed
at a quantitative evaluation of post-closure safety, through a thorough analysis of repository
performance and a comparison of this performance with quantitative design requirements
and safety standards. Additionally, it estimates how quantifiable uncertainties may influence
repository performance (MacKinnon et al., 2012).

This type of assessment necessitates both conceptual and computational models that en-
compass the pertinent features, events, and processes (FEP) that are or could be significant
to safety. These models need to accurately capture the physical, chemical, and biological
processes that might occur within the repository system over its lifetime and beyond. This re-
quires a deep understanding of the repository design, the waste being stored, the geological
environment in which the repository is located, and the potential interactions between these
components.

Essentially, performance assessment seeks to understand and quantify the behavior of a
waste repository under various scenarios, including both expected and less probable evolu-
tions of the repository system. By comparing these findings against safety standards and
design requirements, it is possible to determine whether the repository is safe for long-term
storage of waste and to identify any areas where further investigation or design changes may
be needed.

Following MacKinnon et al. (2012), a thorough performance assessment includes quantifica-
tion of the long-term, post-closure performance of the repository, the evaluation of uncertain-
ties and the comparison with safety requirements. Figure 11.-1 illustrates the performance
assessment methodology that has been used in the certification of different radioactive waste
repositories in the US like the WIPP defense TRU waste repository (U.S. Department of En-
ergy, 1996) and the Yucca Mountain License Application (U.S. Department of Energy, 2008).
This proven methodology is now the starting point for further development in the safety as-
sessment of future repositories especially in salt.

The PA approach depicted in Figure 11.-1 brings together different sets of data to provide
confidence in the safety of the system after closure. This encompasses: (1) the fundamental
technical groundwork for the safety evaluation models, akin to some safety case concepts like
the assessment basis (see, for instance, (Nuclear Energy Agency, 2004); (2) an exhaustive
analysis of scenarios and FEP, ensuring a robust evaluation of post-closure performance; (3) a
quantitative and qualitative description of the sealing functions of the barriers; and (4) analyses
of uncertainties and sensitivities, pinpointing areas needing more data for the subsequent
phase of repository advancement (MacKinnon et al., 2012).
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Figure 11.-1: Performance assessment methodology (MacKinnon et al., 2012).

A conceptual model framework requires a coherent representation of all pertinent FEP. The
features of a conceptual model are the physical components of the engineered barrier system
(EBS) and the surrounding natural barrier system (NBS). Primary features include radionu-
clide inventories, waste forms, waste packages, buffer materials, seals, drifts, shafts, host
rock, surrounding stratigraphy, groundwater, fractures, aquifers, wells, springs, soil, etc. For
implementation in a PA model, the conceptual model framework provides information regard-
ing repository layout, e.g., the sizes and locations of waste packages, drifts, buffer/backfill,
shafts, and seals. In addition, the conceptual model provides information beyond the repos-
itory to describe the dimensions, properties, and locations of important features in the sur-
rounding geosphere and accessible biosphere.

Important processes and events in the conceptual model are those that could significantly af-

fect the movement of radionuclides in the EBS and NBS. Such processes and events include
waste package corrosion, waste form dissolution, radionuclide release, radioactive decay, heat
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transfer, aqueous transport, advection, diffusion, sorption, aqueous chemical reactions, pre-
cipitation, buffer chemical reactions, gas generation, colloidal transport, earthquakes, inad-
vertent human intrusion of the repository, etc. A FEP database can be used to help identify
a full set of potentially important FEP for a specific conceptual repository model. Many of the
FEP in a FEP database may be included in the PA model. In a comprehensive PA, excluded
FEP (i.e., FEP not included in the PA model) must be addressed in separate analyses and
arguments (Mariner et al., 2015).

11.2 The role of EBS in performance assessment in salt repository

The release of radionuclides from the host rock acting as an effective barrier (CRZ) can occur
via diffusive transport due to concentration gradients or advective transport due to potential
differences along two distinguishable transport pathways. This can either be the transport
through the host rock unaffected by the mine workings or along the drifts and shafts exca-
vated for the construction of the repository. In salt, a transport through the host rock is only
possible in the EDZ and in cases where the integrity of the geological barrier is not met. In this
case, advective transport can take place through the fractured rock or in region where the salt
dilantancy criterion is not met. In the case of an intact geological barrier which is to be shown
in the scope of the safety integrity assessment of any specific site, only the second mode of
transport through the backfilled drift network and shafts is possible. In these conditions, the
confinement of the radioactive waste relies largely on the EBS. Essentially, the radiological
evaluation of the repository can be limited to the region that has been excavated and later
backfilled. Interaction with the geological layers takes place only in the EDZ surrounding the
excavated volume. In this context, it becomes obvious to study with high accuracy how the
fluid transport will occur during the evolution of the repository system in the repository mine
and in the shafts as realistic as possible. Increasing the understanding of this process will help
to better assess the potential of optimization of the EBS. This is exactly for this reason why
the proposed methodology emphasizes an EBS centric PA assessment of salt repositories.

11.3 Performance Assessment modeling approach for the RANGERS project

Due the advancements in the numerical development of PA codes in recent years and the
computational capabilities actually available, a modeling approach that is based on a direct
coupling with process model codes used for the integrity analyses of the EBS is put forward.
The core of this approach relies on a single highly detailed conceptual and numerical model of
the repository system that resolves all components of the system going from the components
of the shaft and drift sealing structures to the geological layers. The simultaneous use of this
performance and integrity assessment allows an implicit coupling of the two kind of assess-
ments. Specifically, an implicit coupling can be established by transferring data from between
the code. Thus, one can derive from the thermal-mechanical process codes in which the com-
paction of the crushed salt backfill in the drift system is computed, the porosity evolution in
the repository that can be used to compute the permeability in the PA code for the fluid trans-
port modeling at repository scale in PFLOTRAN. Conversely, the pressure build up of gases
computed in the PA codes can be used to assess as an influencing boundary conditions in
the compaction analyses. The pressures of fluid computed in the PA codes can also be used
as structural loads for the design and integrity of the shaft and drift seals.
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12. Concluding Remarks

Rock salt is considered a highly suitable host material for the disposal of radioactive waste
due to its unique combination of favorable properties. lts exceptional impermeability and low
porosity effectively prevent the migration of radionuclides, ensuring long-term containment and
isolation from the biosphere. The self-healing capability of rock salt, due to its creep deforma-
tion under pressure, seals any microfractures that may occur, further enhancing the integrity
of the repository system. Additionally, rock salt’s thermal conductivity aids in the dissipation of
heat generated by high-level waste, reducing the impact on the repository’s structural stabil-
ity. These characteristics, combined with the geological stability and widespread availability of
salt formations, make rock salt an ideal choice for the safe and secure disposal of radioactive
waste, providing a reliable barrier against environmental contamination for millennia.

The safe isolation of radioactive waste in rock salt formations depends on a multi-barrier sys-
tem, with the engineered barrier system (EBS) playing a critical role. Since rock salt formations
are naturally impermeable, any potential advective transport of fluids into or out of the repos-
itory can only occur through the EBS. Therefore, the EBS must be meticulously designed,
utilizing sealing components strategically placed throughout the repository to ensure contain-
ment until the long-term sealing element, the crushed salt backfill, fully assume its safety
function.

Within the framework of the project RANGERS, a methodology for the generic design and
performance assessment of EBS in repository in salt has been developed. The methodology
aims at describing a workflow on how to assess the integrity of EBS of generic repositories
in salt and how to handle them in the scope of integrated performance assessments. It is
based on the experience gained in Germany and in the USA in the design, construction, and
evaluation of seals from several research projects.

The methodology developed aims at providing the necessary route to follow when designing
and assessing the performance of the EBS in a salt repository. Based on the selected geologic
site and the proposed repository concept, a sealing concept is defined from which the EBS
results. The resulting repository system, which consists of the geologic site, the repository
mine, and the EBS, is subsequently subjected to a FEP analysis. In this context, only the
FEP related to the EBS are taken into account. From the FEP, the loads acting on the EBS
are derived, which then serve as the basis for an integrity assessment of the EBS. Based on
these FEP, the evolution of the EBS in the repository over the reference period is assessed.
This is used to assess the performance of the EBS within the scope of integrated performance
assessment simulations.

The methodology focuses also on the link between EBS integrity and performance assess-
ment and helps to reduce the uncertainties concerning the treatment of EBS in PA modeling.
It also brings an EBS-centric view on PA by focusing on the processes occurring at each
component of the EBS and their evolution over the lifetime of the repository. The improved
understanding of the repository system that can be gained from this approach will help to
optimize the sealing concept for repositories in salt.
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13. Introduction

The Engineered Barrier System (EBS) plays an important role in ensuring the long-term safety
and containment of high-level waste (HLW) and spent nuclear fuel (SNF) in deep geological
repositories in salt formation. As part of a multi-barrier system, the EBS works alongside the
natural barrier, which is the salt formation itself and the technical barrier comprising the dis-
posal casks. The primary function of the EBS is to maintain containment during a defined pe-
riod until the backfill used in the repository made of crushed salt, develops its sealing capacity
through compaction. Over the time, the backfill eventually compacts to a state of low porosity
and permeability, acting as a long-term seal. However, until this process is complete, the EBS
must retain its structural and functional integrity. Regulatory guidelines in Germany currently
require the EBS to remain effective for up to next ice age, that is expected in 50,000 years
(Maller-Hoeppe et al., 2012b). The significant hydro-geological and topographic changes ex-
pected during an ice age could make it impossible to accurately predict the hydro-chemical
conditions within the EBS in the repository system at that time.

In response to these challenges, BGE TECHNOLOGY GmbH (BGE TEC) and Sandia Na-
tional Laboratories (SNL) have jointly developed a comprehensive methodology for the design
and safety assessment of engineered barrier systems within the scope of the RANGERS
project. This methodology is tailored for repositories in salt formations. The developed
methodology provides a structured approach for designing and assessing the performance
of the EBS in salt-based repositories. Follow up the development of a repository concept at a
specific site, a sealing concept based on the geological characteristics of the selected site and
the overall repository design is developed. The entire repository system, comprising the ge-
ological site, repository infrastructure, and EBS, is then subjected to a Features, Events, and
Processes (FEP) analysis, focusing solely on those FEPs that affect the EBS. The derived
FEPs help identify the loads and stresses acting on the EBS, which serve as the foundation
for conducting an integrity assessment. This analysis helps predict the EBS’s evolution and
performance over the regulatory time frame, feeding into integrated performance assessment
simulations.

Based on this approach, a robust modeling concept has been developed, allowing for sys-
tematic numerical analyses required for both integrity and performance assessments. This
concept enables precise and stringent safety assessments, ensuring the long-term contain-
ment of HLW and SNF. The present report focuses on the application of this methodology to
a generic repository system in salt formations, detailing the processes and outcomes of the
developed approach.
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The modeling concept is derived from the methodology for design and performance assess-
ment of EBS developed in RANGERS. The key objective of this methodological approach is
the performance assessment of geotechnical barriers within the safety assessment of a salt
repository system. The methodological approach was developed in accordance with the Ger-
man specifications of the EndISiAnfV (Final Repository Safety Requirements Ordinance). It is
summarized in Figure 14.-1. According to EndISiAnfV §5 (1), the integrity of the EBS must be
examined, demonstrated, and justified for the expected evolution over the planned functional
time. Based on this, a distinction is made between the integrity demonstration and the integrity
evaluation. The integrity demonstration conducts the integrity assessment for the reference
scenario (or expected evolution). In the integrity evaluation, alternative scenarios relevant to
the EBS are addressed. This step is not explicitly required in the EndISiAnfV but creates the
basis for a better evaluation of the robustness proof and for illustrating the optimization poten-
tial of the EBS. This is particularly important since the alternative scenarios represent states
of the EBS that deviate from the reference case beside representing evolutions with a lower
probability of occurrence. The analysis of the repository system for such unfavorable cases
lays the fundamentals for a better assessment of the robustness proof and for illustrating the
optimization potential of the EBS as prescribed in EndISiAnfV §6 (1).

- Bosics snd Beonirements,. :
1 I
; Regulatory Framework Safety Concept Geological Site i
1
___________________________________ I__________________________________J
| Repository Concept |
!
| Sealing Concept |
| FEP Analysis |
1
Total System Evolution (Scenario)
Load Combinations derived from FEPs Modelling of Processes derived from FEPs
! I
Integrity Demonstration of the Engineered Integrity Evaluation of the Engineered
Barrier System Barrier System
Assessment of Radiological Impact on the Biosphere and Humans

Figure 14.-1: RANGERS methodology diagram for the design, integrity and performance of
engineered barrier system in salt repositories.
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14.1 Integrity demonstration

The integrity demonstration primarily provides evidence of the preservation of mechanical
integrity and hydraulic resistance. Partial safety proofs based on the verification concept de-
veloped by Miller-Hoeppe et al. (2012b) are used for this purpose, taking into account the
concept of partial safety factors. The partial proofs must be provided for hydraulic perme-
ability, mechanical stability, and long-term stability over the envisaged functional period. The
proof of manufacturability is discussed in the SOTA (State of the Art) report of the RANGERS

project (Keller et al., 2021a).
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Figure 14.-2: Summary of all initial FEP impacting the EBS established in Table 7.2 and 7.3
of the methodology report (Simo et al., 2024): blue color represents FEP relevant for the shaft
and drift sealing system, brown color shows FEP relevant only for shaft sealing system and
green color: FEP relevant for drift sealing system.

The integrity demonstration is to be performed for the reference scenario. The reference
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scenario is described by the so-called initial barriers, initial Features, Events and Processes
(FEP) and FEP that are linked to radionuclide mobilization and transport. The initial barriers
are the key components of the EBS. The initial FEP are processes that may directly affect the
functionality of the EBS and are therefore relevant for EBS performance assessment. They
were described in greater detail in the methodology report (Simo et al., 2024). Figure 14.-2
summarizes all initial FEP that are relevant for the design and performance assessment of the
EBS. They are based on expert judgment and therefore not exhaustive.

In the next step, the initial FEP are further evaluated based on their relevance for the partial
verification proof that needs to be fulfilled in the course of the integrity demonstration. This
assessment can be carry out specifically for each component of the EBS such as the shaft or
the drift sealing system. The FEP are combined to check the verification criteria according to
the conceptual model presented in Figure 14.-3

Specification of hydraulic resistance Demonstration of structural integrity
Hydraulic Hydraulic Hydraulic Structural Crack limitation ~ Deformation Filtration stability Long-term
resistance: resistance: resistance: stability limitation stability

sealing element contact zone EDZ

Reference Scenario / Alternative Scenarios

Modelling case 1:

Combination of FEPS
Modelling case 2:
Combination of FEPs

Modelling case 3:
Combination of FEPs

Modelling case 4:
Combination of FEPS

Figure 14.-3: Conceptual definition of modeling cases to check the verification criteria.

For the long-term stability of the EBS, the geochemical conditions in the repository system
play an important role in the potential degradation of the construction materials from which the
EBS is made. Geochemical changes can be further driven by temperature or temperature may
affect the properties of geomaterials and endanger their sealing properties over time. From
this, one derives that FEP from the chemical and thermal process classes are relevant for the
assessment of the long-term stability proof. Therefore, thermal and geochemical analyses are
needed to carry out the proof. The FEP used for this analyses are highlighted in Figure 14.-4
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Figure 14.-4: Initial FEP of relevance for the long-term stability proof. FEPs deemed irrelevant
are excluded from this figure.

As for the mechanical integrity proof, a differentiation is to be made between the components
of the EBS as different loads can be relevant for some components but can be neglected for
other components. In general, all FEP leading to mechanical impacts should be considered
in this step. The FEP identified for the verification proof are highlighted in Figure 14.-5. Those
FEP cover the thermal, mechanical, and hydraulic processes.

The chemical FEP can be excluded from the integrity proof because those FEP lead typically
to a degradation of the materials. These chemical degradation processes are already consid-
ered in the long-term stability proof. For the case where the effect of the chemical FEP cannot
be quantitatively predicted, as it is the case in ice age conditions, the assessment of the EBS
performance resulting from the chemical damage is investigated in the integrity evaluation.

Although the processes of swelling, shrinking or creeping might be driven by chemical pro-

cesses at a microscale, their impact on the barrier are mechanical and thus does not techni-
cally belong to the chemical process.
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Figure 14.-5: Initial FEP of relevance for the mechanical integrity proof.

The hydraulic resistance will be analyzed by FEP of the hydraulic process class. Those FEP
are important to describe the hydraulic evolution of the repository system and thus the perfor-
mance of the EBS upon hydraulic flow. They are highlighted in Figure 14.-6
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Figure 14.-6: Initial FEP of relevance for the hydraulic resistance proof.

From the initial FEP, some FEP remained unused or are not considered in the different partial
verification proofs elaborated above. This is because those FEP cannot be assessed nu-
merically or are not yet well understood to be conceptualized in numerical applications (for
instance: microbial processes, alteration of bentonite or colloidal generation and filtration, as-
phalt migration). They could also be not relevant for the specific assessment of the EBS (e.g.,
thermal degradation of carnallite if there is no potash layer at geological site or transgression
and regression if the repository system is not located in coastal region). For such FEP, a
verbal argumentative approach is adequate based on experimental evidence. They require
further research effort for a quantitative assessment and can be added later in the numerically
based assessment as soon as new scientific findings are available.
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14.2 Integrity evaluation

The integrity evaluation assesses the state on the system for alternative scenarios. The alter-
native scenarios relevant for the EBS have been identified and characterized in the method-
ology report. Those scenarios consider unfavorable characteristics of initial FEP resulting in
an impairment or failure of an EBS. Therefore the detrimental impact of those processes and
the consequences on the repository system development will be analyzed in two alternative
scenarios which are the failure of a shaft seal, and the failure of a drift seal. This means
from the modeling point of view that the conceptual models used in the assessment of the
integrity demonstration need to be modified by considering a shaft or a drift seal failure. For
the integrity evaluation, hydraulic analyses are predominantly required. This is because the
alternative scenarios assume that mechanical integrity is no longer present. The assessment
of the overall system in such situations is the objective of the integrity evaluation. Mechanical
modeling case can also derive from the alternative scenarios. The most prominent of them is
the additional hydraulic load acting on the drift seal when a failure of the shaft seal is assumed.
This has to be evaluated numerically.

In this report, we present some exemplary analyses for integrity evaluation in chapter 21. and
chapter 22..

14.3 Summary

In summary, starting with the repository system and the description of the near-field of the
EBS, a specific FEP list for the EBS was developed in the methodology part of RANGERS.
From this study, the initial FEP have been identified. The relevant alternative scenarios for the
EBS have been also developed. By this procedure, a stringent derivation strategy of modeling
cases from this FEP and scenarios was finally achieved. The abstraction of FEP into mod-
eling scenarios requires the formulation of mathematical models that accurately capture the
underlying mechanisms of these FEP. In the context of numerical assessments, these math-
ematical representations are further refined into computational models. Subsequently, these
models are solved within a numerical framework that embodies either the entire repository
system or a subsection of it. Adhering to the guidelines proposed in the methodology report, it
is imperative to employ a comprehensive and realistic integrated model that encompasses the
majority of the EBS components. This approach is crucial for accounting for the interaction be-
tween the FEP in the analysis. Fortunately, advancements in computational methods over the
past decades have significantly enhanced the capabilities of numerical simulators. These pro-
grams can now simulate increasingly intricate processes and manage larger domains, thereby
transforming the recommendations into feasible practices.

To illustrate the methodology and the modeling concept, Various modeling assessments were
carried out in the scope of RANGERS. These modeling activities covers a great majority of
FEP and aim at fulfilling all the criteria included in the verification concept. The modeling
work is divided between the partners Sandia and BGE TECHNOLOGY using their expertise
in a synergistic manner to deepen the feasibility of performance assessment in salt reposito-
ries. The numerical activities are summarized for the integrity demonstration and the integrity
evaluation in Figure 14.-7 and Figure 14.-8
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Figure 14.-7: Numerical modeling to assess the integrity demonstration.
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Figure 14.-8: Numerical modeling to assess the integrity evaluation.
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15. Model and Workflow Development
15.1 Developments in PFLOTRAN for performance assessment of salt repositories

Motivated by application to the RANGERS project, Sandia has undertaken a series of sig-
nificant initiatives aimed at enhancing the modeling capabilities for salt repositories using
PFLOTRAN — an open-source massively parallel reactive flow and transport simulator, the
project homepage is given at https://pflotran.org/. These advancements improve the
applicability of high-performance parallel flow and transport simulations, with a particular fo-
cus on incorporating Thermal, two-phase Hydrological, and Chemical (TH?C) processes in a
salt repository. Using these enhancements, we are now beginning to be equipped to simulate
the majority of the FEPs linked to radionuclide mobilization and transport in a salt reposi-
tory in an integrated manner, increasing reliability in our models and removing many practical
simplifications previously needed to simulate these conditions. This integrated approach not
only enhances the accuracy of our simulations but also provides a better understanding of the
complex interactions within salt repositories, thereby contributing significantly to our ability to
predict and manage their behavior over time. The different developments will be described in
this section. A benchmark exercise that was carried out to verify the developments will be also
described in this section. Modeling applications are shown using these new developments.

15.1.1 Salinity-dependent PFLOTRAN equations of state

The dissolution of salt (halite or sodium chloride) can significantly change the solution density,
enthalpy, viscosity, and saturation pressure. In a multi-phase system, these changes become
particularly important in reaching an accurate solution that includes boiling and condensation
of water. Of primary importance is the solubility of salt in water. PFLOTRAN now has imple-
mented several equations of state, including the formulation described by Sparrow (2003) to
find the temperature-dependent solubility (Nole et al., 2022).

The solubility, Xs4; in terms of mass fraction, is expressed as a function of temperature, T(°C):

Xsat = 0.2628 + 6.275 x 10707 +1.084 x 107072 ")

The mass fraction used in the Sparrow equations of state can be related to molality by:

MMnac

X=——nad
1000 + mMNaC|

(2)
where X is the mass fraction of salt, m is the molality of the solution (mol NaCl/kg H>O) and
Mnaci is the molar mass of NaCl (58.443 g/mol).

The density of brine is a function of temperature, pressure, and salt concentration. Two options
for density computation are available: Sparrow (2003), and Batzle and Wang (1992).

The Sparrow equation for brine density, pEP (kg/m®), is a function of salt concentration, X
(mass fraction) and temperature, T (°C):

pal = A+ BT +CT2+DT® + ET* (3)
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where:

A = (1.001 + 0.7666X — 0.0149X2 + 0.2663X° + 0.8845X*) x 10°

B = 0.0214 — 3.496X + 10.02X? — 6.563X3 — 31.37X*

C = (—5.263 + 39.87X — 176.22X? + 363.53X° — 7.784X*) x 1073

D = (15.42 — 167X + 980.7X? — 2573X° + 876.6X*) x 10~°

E = (—0.0276 + 0.2978X — 0.2017X? + 6.3453X> — 3.914X*) x 10~°

The Batzle and Wang formulation first calculates pure water density py (g/cm?®) as a function
of pressure P (MPa), and temperature T (°C):
pw=1+1x10"%(—80T — 3.37T% + 0.00175T°
+489P — 2TP +0.016T?P — 1.3 x 10 °T3P — 0.333P? — 0.002T?)

The Batzle and Wang formulation then uses the pure water density to calculate a brine density
pEW (g/cm?®) as a function of pressure, temperature, and salt concentration, S (ppm / 10°):

pBW = p,+5(0.668+0.44S5+1x1075(300P—2400PS+T(80+37S—3300S—13P+47SP))) (4)

A correction was made to the original Batzle and Wang density subroutine, which incorrectly
computed the molar density of water from the mass density, pEW, without removing the salt
component. Molar density is now calculated as follows:
pp"(1—8)
Mw,0

(5)

Pw,molar =

where pwmolar is the molar density of water (kmol/md), p2V is the Batzle and Wang brine
density (kg/m?®), S is the salt mass fraction (ppm/1 - 108), and Mp,0 is the molar mass of
water (kg/kmol).

Vapor pressure lowering with increased solute concentration is an important consideration of
multi-phase flow near the boiling point. Increased concentrations of salt in brine lowers the
vapor pressure, increasing the boiling point of the water. PFLOTRAN now has implemented
two options for vapor pressure calculation: Sparrow (2003) and Haas Jr. (1976).

The Sparrow formulation calculates vapor pressure, P\?app (MPa) as a function of temperature,

T (°C) and dissolved salt concentration, X (mass frac.):

Por=A+BT +CT?+ DT® + ET* (6)

where:

A = (0.9083 — 0.569X + 0.1945X2 — 3.736X3 + 2.82X*) x 1073
B = (—0.0669 + 0.0582X — 0.1668X? + 0.6761X3 — 2.091X*) x 1073
C = (—7.541 — 5.143X + 6.482X? — 52.62X3 + 115.7X*) x 107
D = (
E=(

—0.0922 + 0.0649X — 0.1313X? + 0.8024X> — 1.986X*) x 107°
1.237 — 0.753X + 0.1448X? — 6.964X> + 14.61X*) x 107°
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The Haas formulation first relates the temperature of the brine, Ty, (°C), to the temperature of
H>O liquid, Ty (°C), at the same pressure, where x is the molality (mol salt/kg solution):

In(To) = mIn(Ty) + ¢ (7)

where:

m=(a+bTy) ™
a=1.0+axX+asx? +agx®

b= b1X + ng2 + b3X3 + b4X4 + b5X5
c=0

The Haas formulation for vapor pressure, P2 (bar), is then calculated as a function of the
H2O liquid temperature, Ty (°C):

In(PH4) = ‘ito rer+ ‘i;(mwz —1.0)+ 6310 8)

where:

w=2%—eg
y = 647.27 — Ty
z=Tp+0.01

The constants used in the Haas vapor pressure equations are presented in Table 15.-1.

Table 15.-1: Constants for vapor pressure calculation by Haas Jr. (1976).

Constant Value

a 5.93582 x 10—
ap —5.19386 x 105
as 1.23516 x 105
by 1.15420 x 108
by 1.41254 x 1077
bs —1.92476 x 1078
b4 —1.70717 x 10~°
bs 1.05390 x 1010
€o 12.50849

e —4.616913 x 10°
es 3.193455 x 104
es 1.1965 x 10~
es —1.013137 x 102
es —5.7148 x 1073
€6 2.9370 x 10°
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Liquid enthalpy is also a function of salt concentration. Here, we use the formulation of Spar-
row (2003), where h is specific enthalpy (kJ/kg), T is temperature (°C), and X is mass fraction
of dissolved salt in water (kg salt/kg solution),

h=A+BT+CT?+DT%+ET* (9)

where:

A = (0.0005 + 0.0378X — 0.3682X? — 0.6529X° + 2.89X*) x 103
B =4.145 — 4.973X + 4.482X? + 18.31X3 — 46.41X*

C = 0.0007 — 0.0059X + 0.0854X2 — 0.4951X3 + 0.8255X*

D = (—0.0048 + 0.0639X — 0.714X? + 3.273X3 — 4.85X*) x 1073
E = (0.0202 — 0.2432X + 2.054X2 — 8.211X3 + 11.43X*) x 1076,

15.1.2 Fully-coupled solute mass balance in PFLOTRAN

For flow of fresh water in aquifers, aqueous chemical species are typically dilute enough (i.e.,
low enough concentrations) to not significantly affect the properties of the water solvent, in-
cluding its density and viscosity. This simplification forms the basis for decoupling fluid flow
and reactive transport, as is typically done in PFLOTRAN or most other environmental flow
and transport simulators. When the solute transport primary solution variables do not sig-
nificantly impact the flow primary solution variables, then sequentially solving the flow and
transport solutions can oftentimes be more efficient and sufficiently accurate.

An exception to this is the case of a brine flow system through a halite porous or fractured
medium. If the pore water contains salt (as exemplified by pore water contained in a salt host
rock where the rock itself can dissolve into the water), salt dissolves rapidly in high enough
concentrations to meaningfully affect the density, viscosity, and saturation pressure of the pore
water. It is therefore very important to consider this feedback between the solute and the liquid
flow properties. Until now, modeling salinity effects on flow properties required modeling salin-
ity development and migration as part of the transport equations and then handing off updated
density and viscosity to the flow solution under the standard sequential flow and transport cou-
pling scheme. This approach uses the brine properties from the previous timestep in each flow
time step. Since these two systems are much more tightly coupled when salt comprises the
porous medium and is a solute, sequential coupling in this manner requires taking very small
time steps in order to avoid numerical artifacts. The developments described in this section for
fully coupling a solute in PFLOTRAN'’s general mode (i.e., two-phase flow with energy), and
are new capabilities to PFLOTRAN (Nole et al., 2022, 2023).

These additions are made to PFLOTRAN’s general (two-component, multi-phase air/water
flow) mode to accommodate solute transport as a third component either dissolved in the

liquid phase or as a solid precipitate. GENERAL mode, in its prior formulation, implicitly
solves two component mass balance equations for gas and liquid:

0
a(fz)SIP/XI + ¢SgpgX9) + V - (doupigX' + pagpgaX?) — ¢siDV X! — gDV X9 = Q (10)
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and an energy balance equation:

S (st + V- @He) ) + S0 = e - V- hkTD=Q (1)
a=I,g

for components i = water, air and phases « = liquid, gas. See the PFLOTRAN documenta-
tion (https://www.pflotran.org/documentation/) for more detailed description of the
variables and constitutive laws.

The newly implemented, fully implicit solute transport mode includes an additional solute com-
ponent mass balance equation:

0
a(ﬁbslplxl’s + 3SppsX®) + V - (dupigX"® — ¢siDV X") = Qsonute (12)

In this new formulation, the vapor pressure of the solute is assumed negligible, and therefore it
is only present in the liquid phase. The solute can also form a solid precipitate phase («a = s),
which is immobile in the pore space. Diffusion through the solid phase is considered negligible
on the timescales used in our simulations and is therefore not present in this mass balance
equation.

Primary variable switching is used to track phase transitions. The phase states used depend
on whether the rock matrix is comprised of a soluble or insoluble material. For example, a
quartz sandstone rock matrix is largely insoluble in water, therefore the possible phase states
are any combination of liquid, gas, and solid precipitate. In halite rock matrix, on the other
hand, readily dissolves in water, which changes the porosity of the rock matrix (Table 15.-
2). The concentration of salt in the pore water is held at solubility and as salt comes out of
solution, or the rock matrix dissolves, the porosity changes.

Table 15.-2: Phase states and primary variables for soluble rock matrix.

State Primary variables
Liquid P, Xair, Xs, T

Gas Pg, Pair, T
Liquid/Gas Pg, Xair, Xs, T
Liquid/Precipitate P, Xairs Xs, T
Gas/Precipitate Pg, Pair, Xs, T
Liquid/Gas/Precipitate Pg,Ss,Ss, T
Precipitate Pg, T*

15.1.3 Thermal Characteristic Curves

Recent developments in PFLOTRAN have focused on implementing temperature-dependent
thermal conductivity by way of thermal characteristic curves (TCCs), (Mariner et al., 2020).
TCCs express thermal conductivity as a function of temperature for a given material. In the
input files, this description resembles the way “characteristic curves” are implemented. A pro-
totype of this capability was created to allow more physically realistic heat conduction model-
ing in salt, affiliated with the RANGERS Project and the Brine Availability Test in Salt (BATS)
heater test at the Waste Isolation Pilot Plant (Kuhlman et al., 2020).
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Salt is well known to have thermal conductivity that decreases with increasing temperature
(e.g., see lab test data in Kuhlman et al. (2020)). The prototype capability developed for Salt
R&D was expanded in scope and is now widely used in PFLOTRAN for other applications.
Thermal conductivity of a salt host rock, for instance, is understood to be heavily influenced
by temperature in the relevant thermal regime for repository applications (Gilliam and Morgan
1987; Vosen and Schellschmidt 2003).

The previous implementation of thermal conductivity (k;) for use with PFLOTRAN non-isothermal
flow models involved using wet (kwet) and dry (kgry) thermal conductivity values in a function
with saturation (S) from Somerton et al. (1974). In the context of the current version, this
equation is still used as the default (D) for effective thermal conductivity.

kr(S) = kdry + \/§(kwet - kdry) (13)

A linear resistivity thermal conductivity model, where thermal conductivity is also a function of
temperature. This model assumes that the reciprocal of thermal conductivity can be modeled
as a linear function with temperature. This form was suggested by Birch and Clark (1940) and
fitted empirically by Blesch et al. (1983) for granite, basalt, shale, and salt. The latter study
was a far-field thermal analysis of a repository that intended to evaluate environmental impact
based on temperature changes in various regions. In the linear resistivity function, a is the
resistivity shift parameter and a, is the scaling factor with the change in temperature. The
temperature change is defined with respect to a reference temperature (T,ef), such that when
T = Tref, Kary @and kyet are assumed to be evaluated at 0 °C as well.

The linear resistivity model is
kr(S, T) = kr(S)/lar + a2(T — Trer)] (14)

where kr(S) is given by (13) and ay, a, are coefficients, and T, is a reference temperature.

To model the change in thermal conductivity of the granular salt during compaction, a special
form of the linear resistivity TCC was implemented. The expression was developed for recon-
solidation of granular salt with air-filled porosity (see Table B.4, see “Saltgrus” of Bollingerfehr
et al. (2012)),

o\ (¢
kr(S, T, ¢) = kr(S, T) (1 — > + () (b + boT) (15)
¢ref ¢ref

where ¢ is porosity, £ is a porosity exponent, ¢t is a reference porosity, by and b, are coeffi-
cients and ky(S, T) is given by (14). At ¢ = 0 this function gives the intact thermal conductivity
associated with the linear resistivity model (specified by a; and az, and proportional to 1/T).
At ¢ = ¢ret this function gives the porosity associated with a linear conductivity model (speci-
fied by by and b, and proportional to T). At porosity values between these two end members,
the function linearly interpolates between the two thermal conductivity values.
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15.1.4 Implementation of Non-Darcy flow into PFLOTRAN

In low-permeability materials, a threshold gradient can become important (Liu, 2017). This
is a permeability-dependent gradient, which must be overcome before any flow can occur.
Standard Darcy flow is given by

q=Ki (16)

where q is the water flux (m/s), K is the hydraulic conductivity (m/s), and i = 3—2 is the hydraulic
head (h) gradient (m/m; m of hydraulic head per m of distance). Liu (2014) presented a closed-
form non-Darcy expression for water flux in very tight rocks in terms of a threshold gradient, J
(m/m), as

g=K[i-3(1-e)]. (17)

Through a regression, Liu (2014) found the threshold gradient could be expressed in terms of
the intrinsic permeability

J = AkB (18)
where A = 4.0 x 1072 and B = —0.78 are based on a fit to data from Liu et al. (2012).
15.2 Code Verification for performance assessment
15.2.1 Motivation

The presence of the gas phase in the repository under consideration of small amount of
humidity in the host rock requires the consideration of two-phase-flow in the performance as-
sessment of the salt repository system. Until now, the numerical investigations of two-phase
flow in the repository in salt have been carried out at Sandia within a special flow mode es-
pecially developed for WIPP. Historically, WIPP was licensed with a two-phase flow simulator
(BRAGFLO) for the repository that utilized a simplified flared 2D-mesh representation of the
repository (DOE, 2019). WIPP uses two-phase immiscible flow under isothermal conditions.
Because a 3D representation of the repository and the consideration of the heat propagation
from waste (non-isothermal) are required for state of the art and performance assessments for
heat-generating waste, PFLOTRAN was further developed in order to perform the assessment
of a salt repository under two-phase flow assumption with energy transport.

To ensure the advancements made within PFLOTRAN are robust and to establish its capability
for conducting non-isothermal multiphase simulations, it is imperative to conduct a compre-
hensive testing phase before advancing to performance assessment. For this purpose, one
of the modeling test scenarios designed in the BenVaSim project was selected for evalua-
tion in the RANGERS program. The BenVaSim project’s objective (Lux et al., 2021) was to
provide a benchmark for various THM coupled simulators using well-defined, simplified mod-
eling tasks that target fundamental processes, particularly flow phenomena in porous media.
The upcoming study is driven by the need to compare PFLOTRAN'’s performance with that of
other simulators, especially since PFLOTRAN was not included in the original array of codes
validated by BenVaSim.
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15.2.2 Methodology

The test under consideration involves assessing the hydraulic response within an EBS seal
under two-phase flow conditions with specific boundary constraints. The addition of a gas
fluid phase introduces more realistic conditions, considering the interplay between gas and
liquid phases within the repository. The disposal drifts are air filled at the time of repository
closure. Following the disposal of radioactive waste, chemical reactions may occur within the
repository environment, such as interactions between the metal of the waste container and the
humidity of the host rock, potentially leading to gas generation. The emergence of additional
gas can create pressure build-up, influencing the system’s behavior and potentially inducing
fracturing in the host rock.

The benchmark problem is depicted in Figure 15.-1, showcasing a model geometry of 10 m in
length and 1 m in height, focusing exclusively on horizontal process dynamics. Boundary con-
ditions are indicated by arrows, with dark blue representing liquid and light blue indicating gas
boundary conditions, while black denotes mechanical effects (Czaikowski and Friedenberg,
2020).

P
Tm —
|

&

| 10 m

. Mechanics . Liquid Flow . Gas Flow

Figure 15.-1: Model geometry and considered processes (Czaikowski and Friedenberg,
2020).

The original BenVaSim problem also incorporated mechanical effects that cannot be com-
puted in PFLOTRAN. In the selected benchmark, the mechanical process class is decoupled
from the hydraulic processes. Thus, the base scenario as specified in BenVaSim was carried
out in PFLOTRAN without mechanical effect and the results were compared with simulation
results with OpenGeoSys (OGS) and against those obtained by GRS in the BenVaSim project,
both considering mechanical effects.

15.2.3 Benchmark results

The benchmark scenario selected in this study shows a two-phase flow within a model repre-
senting partial saturation and with boundaries that allow fluid transfer. Coupling the hydraulic
scenario with mechanical stress, the latter is exerted at the model’s right edge, as illustrated in
Figure 15.-2. Details about material properties, along with initial and boundary conditions, are
summarized in Table 15.-3. Throughout the projected simulation duration of 100,000 years,
these boundary conditions remain constant. The models do not include the effects of dif-
fusion of dissolved gas in the liquid phase or diffusion of humidity in the gas phase. Initial
model conditions are set with a 63% liquid saturation corresponding to a suction pressure of
-13.63 MPa, alongside a gas pressure of 0.2 MPa and mechanical stress of 4 MPa. At the
model’s left boundary, a 50% saturation level is stipulated (resulting in a suction pressure of
-16.58 MPa), with a gas pressure of 3 MPa and identical mechanical stress. The model’s right
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boundary is mechanically fixed, with a constant gas pressure of 0.5 MPa and an anticipated
saturation level of 90% (equating to a suction pressure of -4.89 MPa).

i ma — pge=02MPa Ororo= 0.1013 MPa S,0= 0.63 ——>05MPa
a —|
Si=0.5 ~—b] — 5,209

Figure 15.-2: Initial and boundary conditions for the immiscible two-phase flow benchmark
Czaikowski and Friedenberg (2020).

Table 15.-3: Material parameters for the base scenario (Czaikowski and Friedenberg, 2020).

Parameter Value Unit
Young’s modulus 650 [MPa]
Poisson’s ratio 0 [-]
Porosity 0.33 [-]
Intrinsic permeability ~ 2.5E-21 [m?]
Biot coefficient 1 [-]
Liquid viscosity 1.0E-9 [MPa-s]
Liquid bulk modulus 2200 [MPa]
Residual liquid 0.02 [-]
saturation

Residual gas 0 [-]
saturation

Van Genuchten 0.5 [-]
parameter

Van Genuchten 11 [MPa]
pre-factor

Pore connectivity 0.5 [-]
parameters

Figure 15.-3 shows the results for the gas pressure and saturation evolution problem. The
figure shows the comparison of results obtained with OpenGeoSys and PFLOTRAN and those
computed with CODE_BRIGHT by GRS taken from Czaikowski and Friedenberg (2020) for
different locations along the seal model. A good agreement in the results obtained using
the three codes is evidenced in the figure. Results with OpenGeoSys and PFLOTRAN are
identical. A small discrepancy to the GRS results for the saturation evolution might be related
to a different spatial and time discretization as well as in the difference in the implementation
in Code_Bright. Nevertheless, all the results are similar enough to consider this benchmark
conclusive.
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Figure 15.-3: Comparison between OpenGeoSys and PFLOTRAN results (this study) and
CODE_BRIGHT results from Czaikowski and Friedenberg (2020).
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16. Temperature Evolution in the EBS

High temperature can affect the long-term performance of the EBS materials. As part of the
assessment of the long-term stability of the geomaterials used in the EBS, the temperature
evolution in the repository is evaluated. The aim of the simulation is to estimate the tem-
perature increase in the EBS over the course of the repository. Based on this, the effect of
temperature increase on the materials from which the EBS are made can be evaluated. The
present analysis serves also as input for further simulations aiming at verifying other aspect
of the design and performance assessment of the EBS. This is for instance the case for the
thermomechanical integrity analyses for the shaft and drift seals and the TH2C performance
assessment. The results of the analysis also serve as input in the geochemical assessment
as it is well known that temperature increases the rate of chemical reactions.

16.1 Repository system

The generic repository system developed in the context of the RANGERS project is based
on the generic geological model developed in the KOSINA project (Bollingerfehr et al., 2018)
prior to RANGERS. The generic geological model of the salt pillow from the KOSINA project
is located on the southern crest of the North German Basin. This geological model consists of
twelve homogenized geological layers. Homogenized because those layers were combined
from smaller layers with similar properties. The thicknesses of the cover rock consisting of
lithostratigraphic units Quaternary (Q), Tertiary (T), and Bunter Sandstone (S) vary in thick-
ness across the model area from approximately 800 m to 140 m. The evaporitic host rock
consists of Stassfurt (K2), Leine (NA3), Aller (NA4), and Ohre formations and reach a thick-
ness of more than 800 m in the center of the salt pillow. No modeling was undertaken of
possible cap rocks at the top of the salt. The model does not incorporate fault tectonics or
salinar tectonics. The fault characteristics of the below-salt horizons, as well as the fragmen-
tation of the main anhydrite into blocks, are not part of the reference profile and thus not
included in the 3D model based on the profile.
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Figure 16.-1: Generic repository system for RANGERS (with courtesy of BGR (Volkner et al.,
2017a)).

The repository mine is strategically situated at the core of the salt pillow, where the salt layer
attains its maximum thickness, ensuring optimal geological stability and integrity. A mini-
mum safety distance of 200 m to the overburden or at least 750 m to the surface were re-
spected. Figure 16.-1 shows a stylized 3D representation of the repository system comprising
the generic salt pillow and the repository.

The repository design considers the disposal of self-shielded casks in horizontal emplacement
drifts which are later backfilled with crushed rock salt. The repository mine is composed of
two main emplacement wings that have a width of 800 m and a central infrastructure area that
hosts two shafts. Each wing hosts three emplacement fields. The infrastructure area and the
emplacement fields are separated by at least 300 m of undisturbed rock salt. Each access
drift to the emplacement wings includes 500 m interval for the construction of drift seals. The
shafts can be sealed within the thickest part of the salt pillow.

In the southern section, the three emplacement fields are occupied by POLLUX®-10 con-
tainers, each housing spent fuel elements from pressurized water reactors (PWR). A similar
setup is replicated in half of the northern section. A big part of the northern wing is dedicated
to containing reprocessed waste in POLLUX®-9 containers. Additionally, one-third of the fi-
nal disposal zone is allocated for the disposal of CASTOR® containers, which safely encase
waste from prototype and experimental reactors. Complementing these arrangements, two
separate drifts have been allocated for the storage of structural components from spent fuel
assemblies, encapsulated within MOSAIK-II containers. These are strategically positioned in
two disposal fields adjacent to the infrastructure area, see Figure 16.-2. The disposal opera-
tional time was assumed to be 30 years in the planning of the repository.

The repository planning assumes a maximum temperature of 200°C at the surface of the
waste casks. To meet this temperature requirement, the repository was first thermally de-
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signed to optimize the spacings between the drifts and between the disposal casks within the
drifts. The engineered barrier systems of this repository consists of four horizontal closure
systems installed in the main drifts near sealing the two emplacement wings and of two shaft
closure systems installed in both shafts. Each of these horizontal closures is 600 m long and
is divided into two abutments made of magnesia (i.e., Sorel) concrete with a length of 50 m.
Between the abutments, the 500 m long backfill seal is made of a mixture of crushed salt and
clay, which itself seals after reconsolidation and compaction, taking over the long-term sealing
function of the repository. For up to 50,000 years, the Sorel concrete abutments should limit
any potential fluid migration within the repository mine and should protect the crushed salt
seal against hydromechanical loads. The shaft closure system is made of several materials
following the concept of diversity and redundancy. The shaft closure is redundant to the drift
closure. The sealing elements made of Sorel concrete, salt clay, and bentonite ensure the
diversity and the redundancy of the closure system. If one seal loses its function, other seals
made of different material will significantly reduce the chance that the same deficiency occurs
in multiple elements.
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Figure 16.-2: Repository layout and waste stream distribution.

16.2 Waste inventory and thermal power

The POLLUX®-10 containers can be optionally loaded with fuel rods from 10 fuel assemblies
of Western design pressurized water reactors (PWR), 30 fuel assemblies of Western design
boiling water reactors (BWR) or 25 fuel assemblies from Russian design pressurized water
reactors (WWER). The different container loadings are because the fuel rods from BWR fuel
assemblies are two-thirds shorter than those from PWRs, allowing for triple loading in a con-
tainer. The WWER fuel rods are thinner than their Western counterparts, which allows for a
two-and-a-half times loading capacity.

In Western-designed PWR and BWR reactors, uranium oxide (UO2) and mixed oxide (MOX)
fuel elements included both Uranium-235 and Plutonium. Only UO, fuels were used in
Russian-designed reactors. The decay heat of these fuels was adopted according to the
burn-up calculations described in Bollingerfehr et al. (2013). These burn-up calculations ap-
ply to each characteristic decay heat per waste type without considering the burn-up and
enrichment of the fuel elements.

For the storage of MOX fuel elements, which have a high heat production compared to UO»
fuel elements, a container loading was developed that predominantly consists of fuel rods
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from PWR fuel assemblies and to a lesser extent from MOX fuel assemblies (Amelung et al.,
2005). The ratio used in Bollingerfehr et al. (2013) in the container loading of 89% UO, content
and 11% MOX content corresponds to the mixing ratio that results from the ratio of the total
quantities of PWR-UO, fuel assemblies and PWR-MOX fuel assemblies. Figure 16.-3 shows
the thermal power of the individual fuel element types in a loading equivalent to loading with
PWR fuel elements. The mixed loading with 89% UO. and 11% MOX conservatively covers
the heat release of the UO5 fuel elements from BWR and WWER reactors. The thermal power
for pure loadings from MOX fuel elements can also be seen in the figure. Containers with such
loading are difficult to implement while maintaining the temperature criterion of 200°C.

The reprocessed wastes are stored in POLLUX®-9 containers. Such a container can be
loaded with nine high-level waste (HLW) casks. The thermal power of a reprocessed cask
is also shown in Figure 16.-3. It displays a different burn-up behavior compared to the fuel
elements. The thermal power of such wastes initially remains at the level of the UO, fuel
elements and then declines more significantly after 50 years post-reprocessing.

In the thermal calculations, the temporal development of the heat output for the various waste
categories shown in Figure 16.-3 is simplified via a reduced thermal nuclide spectrum. This
spectrum includes four key nuclides, with parameter values provided in Table 16.-1.
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Figure 16.-3: Thermal output of a fuel element over time, loading equivalent to a PWR fuel
element, as well as the thermal output of a CSD-V (Bollingerfehr et al., 2013).
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Table 16.-1: Key nuclides of spent fuel elements and reprocessed radioactive waste.

PWR-Mix 89/11 CSD-v VVER
Nuclide 1:
Power p [kW] 1.156 1.480 1.126 - 10'
Half-life t; /> [y] 3.220 - 10° 2.799 - 10° 3.242 - 10'
Nuclide 2:
Power p [kW] 2.267 - 10’ 4.468 - 102 2.034 - 102
Half-life t; /2 [y] 3.968 - 10° 4172107 4.306 - 10°
Nuclide 3:
Power p [kW] 2.151-102 9.507 - 10* 2.402-10°
Half-life t; /2 [y] 1.367 - 10* 9.649 - 10° 1.701-10*
Nuclide 4:
Power p [kW] 9.466 - 10* 1.289 - 10* 8.243-10°
Half-life t; /> [y] 7.593 - 10° 2.952-10* 1.090 - 108

According to the final report of the German Commission for the Storage of High-Level Ra-
dioactive Waste Materials, the earliest start of storage is assumed to be the year 2050 (End-
lagerkommission, 2016). At this point, the interim storage time of the wastes is up to 60 years,
depending on the type of waste and the date of origin. With an assumed storage duration of
30 years, the shortest interim storage time for the fuel elements of Western design can be
calculated as 57 years. For reprocessed wastes, a conservative interim storage time of 53
years is assumed.

16.3 Numerical model

The temperature evolution within a final repository is primarily determined by the existing
geothermal gradient and the heat input from high-level radioactive wastes. The geothermal
gradient dictates the naturally prevailing temperature at the storage horizon as a function of
depth.

In the disposal drift, the thermal conductivity of the selected backfill material plays a significant
role in the peak temperature. In contrast, the thermal conductivity of the host rock is crucial for
heat distribution in the far field. The thermal conductivities of the overlying geological layers
can also affect the temperature distribution in the far field, especially if they are significantly
lower than that of the host rock. In this case, there is a delay in heat transfer to the overlying
layers, resulting in a corresponding increase in temperature within the host rock layer.
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Figure 16.-4: Numerical model for the heat propagation in the entire repository system.

The numerical model developed for the present analysis is aimed at assessing the temper-
ature evolution in the far field. Thus near field effects can be simplified. These effects were
already considered in the thermal design of the repository as part of the optimization of the
spacings between the drifts and between the casks, see Simo et al. (2024). Therefore, it is not
necessary to resolve individual casks in the drifts (i.e. they are not explicitly modeled). Taking
into account this simplification, a numerical model with a high fidelity of the drifts and seals in
the repository system is realized and depicted in Figure 16.-4. In this model, all drifts were
resolved and the geometrical form of each geological layers were respected. The model was
parameterized in such a way that the mesh size can be easily change in the three dimensions
for mesh convergence studies. The model adopted for the present analysis is about 4000 m
wide, 5900 m long and extends up to 3000 m in the depth. It consists of 3.5 million elements.

At the upper boundary of the model, a constant air temperature of 9°C is assumed. The
temperature at the lower model boundary is calculated using the geothermal gradient of 30.0 K
per kilometer to be approximately 100.0°C and is consistently applied along the entire lower
boundary of the model. At the lateral model boundaries, adiabatic conditions are assumed.
Within the model along the depth, the mentioned geothermal gradient is assumed. Thermally,
the disposal of waste is represented by a transient heat source. In the model each disposal
drift acts as a heat source. The thermal load has been homogenized in each drift based on
the heat power of the radioactive waste disposed in each drift. One refers to the methodology
report for more details about the repository planning (Simo et al., 2024).

The thermal parameters used are compiled in Table 16.-2, sourced from Liu et al. (2017).
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Table 16.-2: Thermal Properties of Geological Layers (Liu et al., 2017).

Homogeneous zones Symbol Thermal Specific heat Thermal expansion
conductivity A capacity ¢, coefficient o (1/K)
(W/(m - K)) (J/(kg - K))

Quaternary Q 2.3 950 1.0-107°

Tertiary T 2.1 905 1.0-107°

Bunter S 2.6 760 1.0-107°

Aller rock salt NA4 5.2 860 40-107°

Anhydritmittelsalz AM3 5.0 860 35.107°

Potash seam Ronnenberg K3 1.5 903 25.107°%

Leine rock salt NA3 5.2 860 40-107°

Main anhydrite A3 4.2 860 1.6-107°

Potash seam Staffurt K2 1.5 903 25-107°

StaBfurt rock salt NA2 5.2 860 4.0-107°

Anhydrite/carbonate A2/C2 4.2 860 1.6-107°

Underlying red R 2.7 760 1.0-107°

The calculations were carried out using numerical codes FLAC3D (ltasca Consulting Group,
Inc., 2021) based on the finite difference method and OpenGeoSys based on the finite element
method (Bilke et al., 2025). A benchmark was carried out between the two codes showing
nearly identical results for the problem at hand.

16.4 Numerical results

The numerical model for this assessment includes a detailed representation of the whole
repository system with a bounding model domain box that has an extent of several km on
each side. Due to the homogenization of the thermal load in each drift and reduction in the
ability to represent steep temperature gradients between the cask and surrounding material,
the maximum temperature in the homogenized drift is about 130°C compared to 200°C at the
surface of the cask when individual disposal casks are represented in the numerical model.
Nevertheless, this discrepancy only occurs in the near field and the developed numerical
model is believed to be precise enough for the temperature evolution in the far field.

Figure 16.-5 shows the thermal evolution of the system at 500 years, by which time the reposi-
tory is reaching its maximum temperature. In the figure, one can see how the heat propagates
through the geological formation. This propagation is asymmetric between the two emplace-
ment wings due to the different heat power of the different families of radioactive waste em-
placed in the repository at different times.

The subsequent analysis for periods of time over 500 years was performed with OpenGeoSys.
Based on the repository concept, it is assumed that an emplacement field is filled every five
years starting with the fields in the northern wing (see Figure 16.-2) of the repository mine. The
effect of this activation sequence can be seen in figure 16.-6. Figure 16.-6 shows a map view
of the temperature evolution at a slice taken through the disposal horizon in the model. The
first emplacement field in the northern wing is mostly filled with cold wastes from the prototype
and test reactors (subplot at t = 9.1 a). In this field, only three drifts filled with reprocessed
waste in POLLUX-9 are heat producing. In the next activated field (subplot att = 9.1 a) where
13 drifts are filled with reprocessed waste followed by two drifts with PWR spent fuel and the
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rest with VVER spent fuels (from top to bottom in subplot at t = 9.1 a), the heat generation in
this field follows the thermal power characteristics of the waste as displayed in Figure 16.-3
with higher temperature to be observed in the drifts with PWR spent fuel. Drifts with VVER
fuels produce less heat in this field.

The last field in the northern wing as well as all fields in the southern wing are filled with PWR
spent fuels. The thermal propagation follows the activation sequence of 5 years between the
fields (subplot at t 13.1, 17.1, 21.1 and 25.1 a in Figure 16.-6) with the two drifts that are
reserved for the disposal of the structural elements that remains thermally inactive and only
are heated from the waste in neighboring drifts.

In the post closure phase, the temperature in the repository increases significantly (Figure 16.-
7) reaching a maximum value of about 130°C in the third field of the northern wing (subplot t =
115.1 a). Almost 500 years after the start of the waste disposal, the repository is now cooling
down especially in the northern wing. In the southern wing, where a higher concentration of
high heat generating waste packages are disposed, the temperature remain stable at values
over 120°C in the center of the emplacement wing. At 755 years, the temperature decrease
in the repository is now remarkable at all point in the repository. The cooling process is more
evident at 955 years. At this time the temperature is already below 100°C. 2055 years after the
begin of disposal, the repository system is trending back towards the initial conditions dictated
by the geothermal gradient.

Line plots of the temperature evolution along the length of the engineered barriers are shown
in Figure 16.-8 and Figure 16.-9. The figures show the temperature profiles along the drifts
and the shafts at different times. The results for the seals installed in the material drift and in
the waste transport drift are similar Figure 16.-8. This is also the case for the two shaft seals
temperature profile Figure 16.-9. In the drift seals, the temperature increase from the sides
that are located near the emplacement fields and propagates along the length of the seals.
Higher temperature increases are observed in the southern wing compared to the northern
wing. There, the maximum temperature increase at the edge of the seal emplacement side
is about 20°C (about 3 to 5 K less in the northern side drift seal). The maximum temperature
occurs at approximately 500 years and remains almost stable at the edges (emplacement
side) of the seals up to 1000 years later. Near the shafts, the temperature in the seal increases
only by 5 K with a maximum observed around 5000 years. At 5000 years the temperature in
the drifts is almost homogenised at a value of 5 K higher than the initial conditions. 8000 years
later the drift seal further cool down to about 1 to 2 K above initial conditions.

During the simulation, a new steady state is computed based on the different material prop-
erties of the different geological layers. This is noticeable by a deviation from the otherwise
smooth gradient of temperature with depth. The temperature profiles show an increase of
temperature along the shaft over the time up to about 5000 years. The maximum of temper-
ature increase is less than 5 K after 5000 years. At 8000 years, one can observe that the
cooling process has begun within the shafts (Figure 16.-9).
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Figure 16.-5: Temperature field in the repository system at 500 years.
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Figure 16.-6: Temperature evolution during the disposal phase, first 30 years.
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Figure 16.-7: Temperature evolution in the post closure phase up to 2,000 years.
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Figure 16.-8: Temperature evolution in the drift seals (top is material drift, bottom is waste
handling drift). See Figure 16.-2 for the location of the seals in the repository.
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Figure 16.-9: Temperature evolution in the shafts. See Figure 16.-2 for the location of the
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16.5 Discussion

The thermal analyses indicate that the temperature increase remains limited within the drift
and shaft seals. A maximum temperature rise of 20 K was computed for these seals. With
regard to the long-term stability of the EBS components, it can be concluded that the ther-
mal load during repository evolution is unlikely to compromise the long-term stability of the
geomaterials used in the EBS. For instance, the sealing properties of clays and bentonite
do not deteriorate when exposed to temperature up to 100°C (Villar et al., 2023). Rock salt
from bedded salt formation in Germany with a water content of 0.02 up to 2% - only shows
disintegration (“decrepitation”) linked to the formation of microcracks above approx. 250°C,
(Brauer et al., 2016). Sorel and salt concretes are stable up to 90°C. This temperature limit
increases with the in situ confining pressure that is to be expected in repository conditions.
Higher confining stress will reduce the development of fractures.
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17. Long-Term Geochemical Stability of the EBS

171 Scenarios

Two shaft seal leakage scenarios were investigated:

1. brine leaks down the shaft seal from a penetrated overlying formation to the repository,
and

2. brine enters the repository at depth and is driven up the shaft seal due to convergence
and gas generation in the repository.

The overlying formation can either be a fresh water aquifer, or water from a fractured anhydrite
caprock.

The geochemical materials considered are either shaft seal materials (e.g., MgO) or the ge-
ological materials surrounding the shaft seal and making up the excavation damaged zone
(EDZ) around the emplaced seal (e.g., Halite - NaCl and Sylvite - KCI). It is assumed that the
salt layers that surround the shaft seal materials are much more soluble and reactive than the
shaft seal materials like clay, asphalt, and gravel (Figure 17.-1).

Surface

Bitumen filled
gravel column

Starting point: Bentonite
1) Water + Crushed salt = R1 Crushed salt

mixed with clay

(with filled with Mg0)

Drift Seal

MgO Concrete

Figure 17.-1: Schematic of the shaft seal system and surrounding geology.

We used geochemical modeling to determine the stability of the solid phases with the brine
as it progresses down (scenario 1) or up (scenario 2) the shaft seal/natural barrier system.
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17.2 Methods

EQ3/6 version 8.0a was used to perform geochemical modeling (bttps://github.com/11ln
1/eq3_6). ltis a reaction path simulator for isothermal batch reactions (Wolery, 2010). EQ3/6
is split into two functions that work in series: EQ3 and EQ6. EQS equilibrates a starting
solution and computes the charge balance, accounting for formation of complexes. It can also
force a charge balance by adjusting the concentration of an ion of the modeler’s choice (in
these models, CI7). Starting from the EQ3 output, EQ6 then computes the desired reaction
on the equilibrated solution, dissolving and precipitating solids when necessary.

The approach for the implementation of EQ3/6 was to run an EQ3 equilibration and EQ6
reaction path simulation for the fluid as it reacts with each layer of the salt barrier. That is,
the output from the reaction path calculation for a single layer, was used as the input for
the equilibration and subsequent reaction path reaction for the next layer, and so on. This
simulates slow flow of the fluid through the shaft seal and EDZ, assuming there is adequate
time for the reactions to occur at each stage. Arbitrary kinetics have been assumed, such that
the fluid reacts completely with each layer and reaches equilibrium.

EQ®S/6 requires a reference thermodynamic database for its calculations. The database used
for the modeling presented here (titled YMP) is included with the v8.0a release of EQ3/6 and
was used previously in the Yucca Mountain Project, is currently used in the WIPP project, and
has been used in generic spent fuel disposal research (Kuhiman et al., 2018). This database
includes formation reactions for a wide variety of minerals and complexes, Pitzer interaction
parameters, and reaction log equilibrium constants as a function of temperature.

Initial fluid compositions have been constrained as shown in 17.-1. Three representative wa-

ters have been chosen: A low-salinity surface water, a saline cap rock water, and halite-
saturated Gorleben brine (Miller-Hoeppe et al., 2012b).

Table 17.-1: Initial compositions of reacted fluids.

Species Concentration (mol/kg H>0)
Surface Water Cap Rock Water Gorleben Brine

Na* 8.07E-05 4.96E+00 5.98E+00
K+ 1.90E-06 3.61E-02 -
Ca?* 1.98E-04 3.52E-02 2.00E-02
Mg?2* - 5.64E-02 2.00E-02
Cl~ 8.07E-05 5.07E+00 5.98E+00
S0~ 1.98E-04 5.15E-02 4.00E-02
SiOs(aq) - 5.49E-04 -

AR+ - 1.19E-05 -
HCO; 3.19E-06 2.10E-03 -

pH 5.81 6.3 5.9

The shaft seal penetrates through five geologic layers. Each layer is a mixture of either two
or three different salts. Below the final salt layer the shaft seal is comprised of MgO; in the
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model, MgO has been represented as periclase in the thermodynamic database. In the first
scenario, for both the cap rock and surface waters, reactions occur sequentially down. In
the second scenario, the layers are reacted in the reverse order; Gorleben brine starts in the
MgO layer and moves up. Figure 17.-2 shows the constituents of each layer and the order of
reactions. Each set of reactions was simulated at 25 °C and 40 °C (isothermal), to span the
range of expected geologic disposal conditions in the shaft seal.

Scenario: Fluid Inflow ‘ Scenario: Fluid Outflow ‘
Initial Fluid Outflow Reaction Layer 6 (Am3)
Cap Rock Water OR Surface Water A Halite (NaCl) + Anhydrite (CaSO,)
Inflow Reaction Layer 1 (Am3) Outflow Reaction Layer 5 (K3)
Halite (NaCl) + Anhydrite (CaSO,) Halite (NaCl) + Kieserite (MgSOQ,) + Sylvite (KCl)
Inflow Reaction Layer 2 (K3) Outflow Reaction Layer 4 (NA3)
Halite (NaCl) + Kieserite (MgS0O,) + Sylvite (KCI) Halite (NaCl) + Anhydrite (CaSO,)
Inflow Reaction Layer 3 (NA3) Outflow Reaction Layer 3 (A3)
Halite (NaCl) + Anhydrite (CaSQ,) Anhydrite (CaS0O,) + Magnesite (MgCO,)
Inflow Reaction Layer 4 (A3) Outflow Reaction Layer 2 (K2)
Anhydrite (CaSO,) + Magnesite (MgCO,) Halite (NaCl) + Kieserite (MgSO,) + Sylvite (KCl)
Inflow Reaction Layer 5 (K2) Outflow Reaction Layer 1 (Buffer)
Halite (NaCl) + Kieserite (MgS0,) + Sylvite (KCI) Periclase (MgO)
v Inflow Reaction Layer 6 (Buffer) Initial Fluid
Periclase (MgO) Gorleben Brine

Figure 17.-2: Layers of the simulated shaft seal and salt EDZ.

EQ6 requires the mass of reacting solids to be specified and the solid phase is titrated into
the liquid phase; an excess mass was specified for each salt reacted. 15 moles of each salt
in each layer is titrated into 1 kg of fluid. This arrangement is like a titration into a beaker in
the lab, where the liquid and solid phase salts that precipitate are all kept in equilibrium with
one another. This was done to ensure the reactions progressed to completion (i.e., there was
always more than enough salt available). This is similar to the approach used during brine
evaporation calculations (Kuhlman et al., 2018) and by other common geochemical codes,
like PHREEQC (Parkhurst and Appelo, 2013).

Additionally, EQ6 has an input option that establishes the reaction in a “fluid-centered flow-
through open system.” With this, solids that precipitate as the reaction proceeds are removed;
that is, they do not participate in the reaction any further. This can be likened to solids being
left behind as the fluid flows through the salt mass. In this flow-through approach, the added
solid phases dominate the system chemistry, rather than the precipitated solid phase (which
tend to dominate in the titration mode). It was believed that this flow-through behavior is more
similar to what would be expected in the field.

17.3 Results and discussion
The inlet and outlet compositions of each water type at each model temperature are shown in
Figure 17.-3. Composition changes over the course of reaction steps are discussed in further

detail hereafter. Notably, the composition of the surface water sees the most marked change
by the end of reaction with the seal.
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Figure 17.-3: Piper plot showing distribution of inlet and outlet waters to seal system in model.
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17.3.1 Scenario: Downward flow starting with cap rock water

Reaction of the salt barrier with cap rock water at 25 °C results in the solute profiles shown
in Figure 17.-4. After the first reaction step, the dissolved concentrations of Na* and CI
increase. As additional cations are introduced in subsequent layers, the concentration of Na*
decreases; however, this change is not as notable in the concentration of CI" as more anions
are added. By the final reaction step, the most prominent cations in the solution are Na*,
K*, and Mg**. Solution pH decreases at most steps, though it increases at step 2 (layer K3)
and step 6 (MgO buffer) for a final pH in the alkaline range. lonic strength trends upwards,
increasing from an initial value below 6 molal to a final value of ~10 molal.
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Figure 17.-4: EQG/6 simulation results for caprock water inflow down the shaft seal system at
25 °C.

In the case where reactions are computed at 40 °C, previous observations hold (Figure 17.-5).
No major differences in solute profiles are seen at elevated temperature; the same general
trends persist, and the orders of magnitude of results stay the same. Some absolute values
are slightly different, and there are minor differences in the later time behavior.
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Figure 17.-5: EQ3/6 simulation results for caprock water inflow down the shaft seal system at
40 °C.

17.3.2 Scenario: Downward flow starting with surface water

Trends for the reaction of surface water with the salt barrier follow those observed in the case
of the cap rock water (Figure 17.-6). There is a notable uptick in Na* and CI concentrations.
It is worth observing that the final K* and Mg** concentrations are higher in this case than
in final cap rock water step, despite starting with a lower concentration in the initial fluid. As
before, increasing reaction temperature from 25 °C to 40 °C results only in minor changes in
trend shapes and absolute values (Figure 17.-7).
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Figure 17.-6: EQ3/6 simulation results for surface water inflow down the shaft seal system at

25 °C.
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Figure 17.-7: EQS3/6 simulation results for surface water inflow down the shaft seal system at

40 °C.
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17.3.3 Scenario: Upward flow of Gorleben brine

Trends observed in the reaction of Gorleben brine with the salt barrier in reverse order are
shown in Figure 17.-8. Solution pH spikes due to contact with the MgO layer in the first reac-
tion, but then stabilize at slightly alkaline pH (~8.5). The concentrations of Na* and CI initially
present in the solution remain mostly unchanged — thus, the final brine remains primarily a
halite-saturated brine. The ionic strength increases, but not to the degree observed in the
inflow cases. At elevated temperature, (Figure 17.-9), very minor differences are seen; trends
and final values are approximately the same.
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Figure 17.-8: EQ3/6 simulation results for Gorleben brine outflow up the shaft seal system at
25 °C.

BGE TEC 2025-07 173



17. Long-Term Geochemical Stability of the EBS

95 1 10
A

9 EE 9

85 e e el 8
3 E & B ORI OISR 7 8
LR S 6 =
g
2oy 5 B
65 | ke pH 47
6 L 4 Tonic Strength a E

55 2

5 1

4.5 0

0 1 2 3 4 5 6
Reaction Step

LOE+00

o -1
—
:)
L
[ ]
L]
L]

10E01

th

LOE-02

-

1.0E-03

w

1.0E-04

5

Concentration (molal)
Concentration (molal)

LOE-0%

-

1.0E-06
3 4 5 6 0 1 2 3 4 5 6
Reaction Step Reaction Step

]
-

Figure 17.-9: EQ3/6 simulation results for Gorleben brine outflow up the shaft seal system at
40 °C.

17.4 Conclusions

The reaction of each of three geologic fluids with the anticipated salt barrier produces solu-
tions with high ionic strength and moderately alkaline pH, that consist primarily of halite. This
is irrespective of the direction by which the fluid travels through the barrier. This was the antici-
pated behavior and function of the barrier as designed. Thus, the salt barrier could reasonably
be expected to mitigate a canister breach. Further developments on this work could assess
the time-dependence of this behavior, alternate configurations for the salt barrier, or minor
interactions with the largely inert sealing materials.
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18. Evolution of Crushed Salt Compaction in a Repository Mine

In addition to the initial barriers (drift and shaft sealing systems), further barriers contribute to
the long-term containment of radionuclides in the effective confinement geological area. They
do this by either delaying the access of solutions to the waste packages (e.g., crushed salt
backfill) or by preventing or hindering the release of radionuclides from the effective confine-
ment geological area (e.g., crushed salt backfill and waste matrix). The initial barriers must
remain sufficiently impermeable until the hydraulic resistance of the compacting crushed salt
is high enough to prevent or significantly limit the inflow of solutions to the wastes (Kock et al.,
2012). In the safety assessment of salt repositories, it is crucial to determine the time when
the crushed salt will gain its function as long term seal.

The understanding of the compaction behavior of crushed salt has been the scope of several
research projects in the past and is still the subject of ongoing research. The projects KOM-
PASS (Czaikowski et al., 2023), KOMPASS-II (Friedenberg et al., 2024) and MEASURES
funded by PTKA collectively focus on advancing the understanding and predictive capabilities
related to the compaction and sealing behavior of crushed salt. The KOMPASS project primar-
ily aimed at addressing prediction deficits in crushed salt compaction by improving the prog-
nosis quality of its barrier function. This included the development of experimental methods for
determining crushed salt properties at low porosities, enhancing process understanding, and
advancing existing numerical models. Building on this foundation, the KOMPASS-II project
further explored the thermal-hydraulic-mechanical (THM) coupled processes in crushed salt
compaction, with a focus on characterizing the compaction process and its key influencing
parameters. The project aimed to enhance scientific competence for using crushed salt as
a barrier material by developing validated constitutive models capable of providing robust
and reliable long-term prognoses. Complementing these efforts, the ongoing MEASURES
project investigates THM processes in crushed salt backfill through a multi-scale approach,
incorporating laboratory compaction and permeability studies, microstructural investigations,
and advanced numerical modeling. The project’s goal is to refine our understanding of these
processes, reduce uncertainties, and improve the predictive accuracy of numerical models,
enabling reliable assessments of the long-term compaction and sealing behavior of crushed
salt in repository environments.

Although not yet fully refined, the constitutive models developed in these projects provide a
foundation for numerically predicting the compaction behavior of crushed salt. In this study, we
aim to analyze how crushed salt compacts over time during the repository’s evolution, taking
into account the thermal-mechanical conditions specific to the repository environment.

Modeling the compaction of crushed salt requires consideration of several key factors, in-
cluding the development of stresses, the creep behavior of the surrounding rock salt, and the
thermal evolution within the emplacement fields. To address these complexities, different mod-
eling approaches were employed to predict compaction with greater accuracy across various
locations in the repository mine. These approaches and their applications will be discussed in
detail in this chapter.

18.1 Material parameters
In the following simulations several materials are present that need to be described thermal-

mechanically. Table 18.-1 summarizes the thermal material properties used in the model to
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simulate thermal propagation in the near field - rock salt. The crushed salt considered in the
calculation model is compacted over time under the influence of lithostatic stresses, changing
its thermal properties, particularly its thermal conductivity.

Table 18.-1: Density and thermal parameters of the components in the near field of the dis-
posal zone (Bollingerfehr et al., 2013).

Components Heat Capacity [J/(kg K)] Thermal Conductivity [W/(m K)]
Container 515 15
Container basket 500 20
Acs = (1 —£> Ars + L Aa
o o
where:
Cpcs = Cprs(1 — 1) (1 m : exponent
where: m=1.14
Cp.cs : Specific heat capacity 7 : Current porosity
Crushed salt of crushed salt no : Initial porosity
Cp.rs : Specific heat capacity no = 0.35
of rock salt Ag : Initial thermal conductivity
n : Current porosity Ag = Aocs +Crcs - 0
W
A =042——
0,CS m-K
W
=0.0027 ——
Crt,cs 0.00 m.K2
AoRs
)\ = s
R$ =3 +Crps - 0
where

Crrs : Temperature parameter
Rock salt 864 CTRs = 0.00451R
Mo,rs : Thermal conductivity
W
A =52——
0,RS m-K
0 : Temperature in °C

In Table 18.-2 the elastic material parameters as well as the densities of the components are
given. The density and elastic properties of crushed salt depend on the compaction behavior
of the material and necessitates advance constitutive model for accurate estimation.

Table 18.-2: Densities and elastic material parameters of the components in the near field of
the disposal zone (Bollingerfehr et al., 2013).

Material Density (kg/m®) Young’s modulus (GPa) Poisson’s ratio
Salt rock 2,200 25 0.27
Crushed salt  f(n) f(n) 0.27
POLLUX® 7,000 150 0.25

The compaction of the crushed salt, dictated by the material properties of the rock salt, exhibits
a viscosity-dependent deformation behavior influenced by stress and temperature, and there-
fore is time-dependent. The viscoplastic behavior can be expressed by a volumetric strain
component and its deviatoric counterpart. For the mechanical material model of the crushed
salt considered in this study, the “CWIPP” model by (ltasca Consulting Group, Inc., 2021)
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that has been modified by BGE TEC is considered. In this flavor of the model, the volumet-
ric and deviatoric strain are given in Table 18.-3 and the material parameters are taken from
Bollingerfehr et al. (2013). The model does not take into account the influence of moisture.

Table 18.-3: Viscoplastic material model for crushed salt based on CWIPP (Bollingerfehr et al.,
2013).

. . ) d;j : Kronecker delta
v\llicopI?:tlc total strain rate: A, : Structure factor

— VP
€cs = €vcs *Edcs Ao = 1.909 - 10" kg/d/m?®

volumetric part: B1.4 : Material parameters

. 1.
eV = E‘EV;CS(SU By = 0.789 1/MPa
_ B, = —19.5-10° m®/kg
. a _ (B, Zo=ov)\B4 2
s = Ao rT gBer <1 —e ( 120570 > B, = —26.0 MPa
deviatoric part: Bs=1.8
=vp Q : Activation energy
wp 3 [Edcs |
€4,cs,j = 5\ o |0 Q = 36.4 kdJ/mol
N ojj : Deviatoric stress
-vp O'/ _Q
€4cs = A (U“ — 77)) e m A : Structure factor
A=0.181/d

The corresponding porosity dependent Young’s modulus assumed in the mechanical law is
given in Table 18.-4

Table 18.-4: Porosity dependent elasticity Young’s modulus for crushed salt (Bollingerfehr
et al., 2013).
Ecs : Young’s modulus at full compaction
Ecst = Ers

ce : Material parameter

no — 1 E
P S B <Ecs,o>
n CS.f
—cg(1—mp)

Ecs=Ecsi-e™ 7 Ecs : Initial Young’s modulus
ECS,O =1 GPa
7 : Current porosity

Mo  Initial porosity
10 = 0.28
ves = 0.27 (Poisson’s ratio)

Over the years, several approaches have been developed to describe the thermomechani-
cal creep behavior of rock salt, particularly within the framework of three major constitutive
research projects (CODEVERGLEICH I-l1l), funded by the German Federal Ministry for Ed-
ucation and Research and the German Federal Ministry for Economic Affairs and Energy
between 2004 and 2016. The first two projects focused on investigating fundamental de-
formation phenomena under various conditions, including transient and steady-state creep,
damage-induced creep and dilatancy evolution, short-term strength and creep failure, as well
as post-failure behavior (Schulze et al., 2007; Hou et al., 2007; Hampel et al., 2010).

The third project, CODEVERGLEICH IIl, was a US-German collaboration that involved per-
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forming benchmark calculations to evaluate and compare the modeling approaches used by
the partners. Key topics included the influence of temperature on deformation, as well as
initial efforts to model the damage reduction and healing behavior of rock salt (Hampel et al.,
2015; Salzer et al., 2015; Herchen et al., 2016).

Building on the insights gained from these collaborative efforts, the WEIMOS project com-
menced in 2016 to further advance and refine rock mechanical modeling approaches and nu-
merical simulation tools for analyzing salt structures. Key topics investigated in the WEIMOS
project include the deformation behavior at small deviatoric stresses, the influence of tem-
perature and stress state on damage reduction behavior, deformation behavior resulting from
tensile stresses, the impact of rock inhomogeneities on deformation behavior (Hampel et al.,
2022; Wolters et al., 2022).

These projects collectively represent significant advancements in understanding and modeling
the complex thermomechanical behavior of rock salt, particularly under the unique conditions
relevant to repository environments. However, the models developed through these efforts are
not publicly accessible. In this study, the BGR-EB model is utilized as the constitutive mate-
rial model. This model incorporates two independently effective deformation mechanisms to
better represent creep behavior at elevated temperatures. It is capable of capturing stationary
creep and elasticity. However, it lacks features to model primary creep, secondary creep, as
well as damage and healing mechanisms, limiting its ability to represent the full spectrum of
rock salt behavior.

This model is summarized in Table 18.-5. Figure 18.-1 illustrates the temperature-dependent
component of the stationary creep rate for the different material models for salt. In comparison
to BGRa and BGRb, the BGR-EB model exhibits a higher creep deformation rate, beginning
at 110°C compared to BGRa and at 165°C compared to BGRb.

Table 18.-5: BGR-EB creep mechanical law for rock salt (Bollingerfehr et al., 2013).
Vk : Creep class factor = 5.872
Ap : Multiplier = 5.872

A+, : Structure factors

]
A1=2.3-10‘4-a

1
A, =21-10"%. =

d
Q> : Activation energies
kJ
. Qs Q) [/&)\" Qi =42—
éns = ViAo (A1e exp (_RT) + Age EXP <_RT) ((_7) m0|kJ
Q. =113.4—
mol

R : Universal gas constant

R =28.314

mol - K
T : Absolute temperature

: Stress exponent = 5
: von Mises equivalent stress

3

Q>

: Reference stress = 1MPa

Q1
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Figure 18.-1: Temperature-dependent component of the stationary creep rate for the material
models BGRa, BGRb, and BGR-EB (Bollingerfehr et al., 2013).

18.2 Crushed salt compaction in the near field of the emplacement fields

The first simulation analyzes the compaction behavior in a single drift located in the middle
of an emplacement field where the thermal output is maximum reaching the temperature limit
of 200°C. The numerical model developed for this purpose takes into account the thermal
superposition and the resulting temperature increases coming from the neighboring drifts.
Such representation can be achieved by considering thermal symmetry boundary conditions
as a quarter model of a cask embedded in a partial model of the rock formation, allowing
the simulation of a large disposal field. This is achieved by assuming adiabatic conditions
at the lateral model boundary faces. In this model, the distance from the drift axis to the
model boundary in the transverse direction of the drift equals half the drift spacing, and the
distance from the cask’s end face to the model boundary in the drift direction equals half
the cask spacing. The resulting thermal superpositions are conservative and only occur in
disposal fields with very long drifts and a large number of such drifts. The model is mechanical
constrained in the normal direction of the lateral and bottom boundary surfaces.

This modeling approach has the advantage of not requiring the entire repository to be mod-
eled, reducing time and numerical effort. The calculation model is depicted in Figure 18.-2,
showing a drift filled with crushed salt in a salt formation where a final disposal cask is stored.
The cask in the model comprises two components: an outer casing for shielding against ra-
dioactive radiation and a container basket holding the high-level radioactive wastes, acting
as a heat source in the model. The computations was carried out thermal-mechanically with
FLAC3D Version 9 (ltasca Consulting Group, Inc., 2021).
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FLAC3D 9.00

©2023 ltasca Consulting Group, Inc.

Components
Crushed salt
Rock salt
Waste basket
Waste container

Project RANGERS
BGE TECHNOLOGY GmbH

Figure 18.-2: Numerical model for the thermal-mechanical compaction in disposal drifts with
heat generating waste.

The results of this simulation are depicted in Table 18.-6. The sub-figures in this table show
the evolution of the temperature, displacements and porosity in the first 10 years after the
disposal of the waste and the backfilling around the waste with crushed salt. Over this period
of time, the temperature rises quickly to almost 200°C in the cask and near the waste package.
At five years, a slight decrease is observed that is due to the increase of thermal conductivity
in crushed salt due to compaction. Because of the higher heat power in waste package, the
temperature rises again at t = 10 years. The displacement presented here as the magnitude
value, which is the square root of the sum of the displacement components, shows that high
displacement occur around the cask. A region above the cask with almost no displacement
can be observed. In that region, the porosity decrease is the highest, whereas region with high
displacement show high porosity value, see porosity att = 1 year. As a result, The analysis
of the displacement in the model gives an idea about the compaction kinetics in the drift.
Less displacement is found where compaction occurs first and vice-versa. Att = 5 years, the
compaction process is completed as the porosity in the drift reaches zero in all finite zones.
This rapid compaction is the result of the high temperature of up to 200 °C occurring in the drift.
This high temperature environment helps the crushed salt to gain its sealing function faster
and the disposed waste to be already confined even though the repository is still in operation.
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Table 18.-6: Temperature, displacement (magnitude), and porosity evolution in a hot disposal
drift.

Time: 1 year 5 years 10 years

Temperature [K]
2.0000E+02
1.9000E+02
1.8000E+02
1.7000E+02
1.6000E+02

|| LS000E+02
1.4000E+02
1.3000E+02
1.2000E+02
I 1.1000E+02

1.0000E+02

Displacements [m]

I 4.00E-01
3.50E-01
3.00E-01
2.50E-01
2.00E-01

. 1.50E-01
1.00E-01

I 5.00E-02
0.00E+00

Porosity [-]
0.35
0.30
0.25

l 0.20
0.15
0.10

0.05
I 0.00

18.3 Crushed salt compaction in a cross-section of an emplacement field

The previous analysis already gives an idea how the compaction of crushed salt in the hot
drifts with heat generating waste in the repository will take place. In order to analyze the
compaction in the relatively colder drifts of the repository, such as the main drifts which are
the pathways for a potential inflow of fluids into the repository mine, a modeling approach
consisting of plain strain analysis on representative cross-sections of the repository mine was
considered. This model allows to consider the thermal-mechanical effect due to the heat
generation coming from the adjacent disposal drifts with PWR spent fuel.

The numerical model of the representative model region is depicted in Figure 18.-3. It con-
sists of a cross section along the middle of the first emplacement drift in the Northern wing
of the repository mine. This field has 22 disposal drifts filled with PWR spent fuel waste in
POLLUX casks. One additional disposal drift is also present in this field where structural parts
in MOSAIK-II casks are emplaced. The two main drifts for excavation and waste transport
are also considered in the model. The geological layers at the location of the cross section
were extracted from the 3D geological model. The K2 layer was merged into the salt pillow
because of its negligible thickness. The disposal casks in the 22 disposal drift with POLLUX
are resolved in the model. Those casks are surrounded with crushed salt backfill. The remain-
ing drifts are fully backfilled with crushed salt. Because of the plain strain assumptions, The
model represents an infinitely long repository in the longitudinal direction. The heat source in
the casks are adjusted accordingly. For that, the heat source of all the casks in each disposal
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drift was homogenized along the drift effective length. The right and left model boundaries
are placed far enough away from the disposal area to minimize any boundary effects. Similar
mechanical boundary conditions are assumed for this simulation with all lateral and bottom
model boundaries being fixed in the normal direction. The minor heat dissipation in the lon-
gitudinal direction of the repository is taken into account using adiabatic boundary conditions
at the front and back model boundaries. The computation is performed with FLAC3D in the
version 7.

Position of the cross section model

2870m I
ED for SNF in ED for structural parts . . . ED for reproceflied waste ot ED "'-‘; rﬁﬂNl:;tmr;“ac(ols
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m — |
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Figure 18.-3: Numerical model for the thermal-mechanical design of disposal drifts with heat
generating waste.
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Because of the homogenization of the heat source, the temperature evolution in the model
reaches a maximum of around 100°C in the middle of the cross section, see Figure 18.-4. An
increase of approximately 15 K is observed in the main drift.

FLAC3D 7.00

©2023 Itasca Consulting Group, Inc.

Temperature [°C]
1.1257E+02
1.1000E+02
1.0000E+02
9.0000E+01
8.0000E+01
7.0000E+01
6.0000E+01
5.0000E+01
4.0000E+01
3.0000E+01
2.0000E+01
1.0000E+01
9.0000E+00

Figure 18.-4: Temperature distribution in the cross section at t = 200 years.

Table 18.-7 illustrates the porosity evolution in the crushed salt in four selected drifts along
the cross-section. In the disposal drift with POLLUX cask and PWR spent fuel, the porosity
decrease from 0.35 to approximately 0.2 in the first ten years of heating. Within the next
10 years, the porosity decrease reaches less than 0.05. At 30 years, the crushed salt is fully
compacted with computed porosity of 0. A similar evolution can be seen in the disposal drift for
structural parts with a time delay. There, the porosity at 10 years is about 0.2 and decreases
to 0.1 at 20 years. 30 years after heating, is the crushed salt in that drift also fully compacted.
This means that the heat coming from the adjacent drift is sufficient to help the crushed salt in
this thermally inactive drift to compact as almost fast as the disposal drift with heat generating
waste.

The porosity distribution in the two main drifts is similar five years after heating. The com-
paction does not occur uniformly across the entire cross-section. In the subsequent time, the
compaction in the main drift for waste transport is faster as in the main drift for excavation.
The bigger dimensions of the main drift for waste transport leads to comparatively higher con-
vergences as in the main drift for excavation. As it can be seen in Figure 18.-4, the main
drift for waste transport is also comparatively warmer as the drift for structural part limits the
heat propagation towards the main drift for excavation. It results from this different compaction
evolution that 30 years after the disposal, the porosity reaches 0.1 in the main drift for waste
compared to 0.15 in the main drift for excavation. Nevertheless, the compaction is completed
in the two main drifts at time=50 years.
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Table 18.-7: Computed porosity in different drifts in the cross section.

PWR drift Main drift excavation Drift for structural parts Main drift transport

Time: 1 year

Time: 5 years

Time: 10 years

time: 20 years

Time: 30 years

Time: 50 years

Porosity [-]
0.35
0.30
0.25
0.20
0.15

0.10
0.05
0.00
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Figure 18.-5 shows the quantitative evolution of the porosity evolution over the time in all the
drifts in the considered cross section. For comparison, the porosity results of the analysis of
a PWR disposal drift (previous section, 3D near field simulation) is also plotted in the figure.
The figure shows that faster compaction for PWR drifts are obtained using single drift model
as using the cross section. The reason for this discrepancy lies in the homogenization of
the heat power required for this 2D plain strain analysis leading to a temperature maximum
of around 100°C compared to 200°C in the more precise single drift modelling. All disposal
drifts with PWR in the cross section compact similarly as can be seen in the narrow band
under which all porosity curves fall. Only the two disposal drifts located at the edges of the
emplacement field next to the main drift take comparatively longer to compact. This clearly
shows the effect of temperature as the main reason of this time delay in the compaction of
these two drifts is due to the fact that these two drifts remain relatively colder due to their
location. The figure also shows that the crushed salt in the drift for structural parts will take
longer to compact compared to the PWR drifts. Some decades are necessary to complete
the compaction in the main excavation drift and the transport drift. These results show that
in the repository concept considered in this study a fast compaction is to be expected due to
the the high temperature in the repository. It should be mentioned that the results from this
2D-simulation are conservative in respect to the compaction behaviour compared to a more
precise 3D modeling as the comparison with the PWR single disposal drift modeling shows.
Nevertheless, considering the repository lifetime of one million years, it can be derived from
this simulation that the compaction process will be accomplished in the very early phase of the
repository evolution. This means that the repository will be sealed and the radioactive waste
will be confined quite early.

PWR drifts

—— drift for structural components
PWR drift next to main drift exc.
PWR drift next to main drift waste
main drift excavation
main drift waste transport

—— PWR drift {near field 3D simulation)

porosity [-]

0.05

0.00

1071 107 10! 102
time [a]

Figure 18.-5: Porosity evolution in all drift present in the considered cross section and in the
single PWR disposal drift (previous section).
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18.4 Crushed salt compaction in a whole repository mine

With the previous 2D approach, it is not possible to determine the compaction evolution in the
drifts located away from the disposal fields. This is especially the case for the cross cuts, the
main drifts or the long term seal in the drift sealing system. The compaction at this location
are of importance to characterize when the repository will be ultimately sealed. To better
estimate of the spatial evolution of the compaction in the repository, a 3D modeling approach
was considered.

The model uses a domain representing one-quarter of the repository system. This domain in-
cludes the half of the three emplacement fields located in the Southern wing of the repository,
where PWR spent fuel waste packages are disposed. The model domain also includes one
of the four drift sealing systems allowing estimation of when this seal will take on its sealing
function. The model domain is limited to one-quarter because of the huge computational effort
associated with this simulation. In fact, the numerical model to be developed should accurately
capture both the stress development and thermal expansion in the near field of the drifts back-
filled with crushed salt. At the same time, it is also necessary to model the geological layers
surrounding the salt pillow. The interaction between the geological layers capable of creep
and those that behave rigidly, especially taking into account the complexity of the geological
formation under consideration, is important to better account for the convergence of the rock.
This requires a model that spans several square kilometers yet consists of centimeter-sized
finite elements in relevant areas. To handle this complexity, several simplifications were made.

The containers themselves are not modeled discretely. Instead, the total heat output from
all containers within a disposal drifts is summed and applied as a thermal volume load. The
assumed volume is equivalent to the volume of the drift. All drifts are modeled with a rectan-
gular cross-section. The geological units above and below the shallow rock salt formation are
discretized as coarsely as possible while still allowing the different stiffnesses of the layers to
be taken into account. A uniform density of 2200 kg/m? is considered in the model, while sym-
metrical boundary conditions are applied, modeling only a quarter of the repository. Standard
displacement and adiabatic boundary conditions were applied at the model boundaries. The
lateral boundaries are 1.5 to 2 km away from the repository to avoid boundary effects. The
numerical model contains 3 million elements. The finite element sizes range from 20 cm near
the drifts to 100 m in the overburden. In Figure 18.-6, the numerical model is shown.
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Figure 18.-6: Isometric view of the numerical model with ~ 3 million elements for the analysis
of the compaction of the crushed salt backfilled in the repository.

The material behavior of rock salt and crushed salt was implemented according to the material
models presented in section 18.1. The other model units were modeled elastically or elasto-
plastically, with their stiffnesses considered accordingly. The mechanical material parameters
of those layers will be described in more detailed in Chapter 19. The thermal parameters of
the geological units were already reported in Table 16.-2.

The simulation begins by initializing the primary state, followed by the instantaneous exca-
vation of the drifts in the mine. Sequential backfilling continues until the mine is completely
closed. The backfilling starts 20 years after excavation for the Southern emplacement wing,
as prescribed in the repository concept. Every five years, one emplacement field is backfilled
and thermally activated. After the backfilling of the disposal drifts, the cross drifts and the
section of the main drift are closed 30 years after the beginning of the excavation.

An isotropic primary stress state is presumed, with a consistent density of 2200 kg/m? for
the overlying layers. This results in an estimated depth pressure of about 18.5 MPa at the
disposal level. For undisturbed rock temperature, a temperature gradient of 3 K per 100 m is
used, leading to a disposal depth temperature of 33.3°C. A constant air temperature of 9°C
is maintained at the upper boundary of the model. At the lower model boundary, adiabatic
conditions are assumed. This boundary is positioned at a significant distance from the zone
of interest in the simulation, ensuring that no boundary effects are anticipated.

The results of this simulation are presented in Figure 18.-7 and Figure 18.-8.

In Figure 18.-7, the distribution of porosity across the repository mine is depicted. At 30 years,
the emplacement fields have been backfilled with crushed salt. Initially, the porosity in the
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drifts after backfilling is approximately 35%. The effect of sequential backfilling is particularly
evident in the first emplacement drift on the right-hand side, where porosity begins to de-
crease, showing values below 30% in the center of the field where the temperature is highest.
This drift was the first in the wing to be backfilled, 20 years after the start of the backfilling
operations. The middle emplacement field, backfilled at year 25, does not yet show significant
compaction, and similarly, the most recent field, just backfilled at year 30, exhibits no notable
compaction.

Ten years later, the compaction in all fields has significantly progressed. In all fields, porosity
has reduced to at least 20%. The lowest porosity values, ranging from 5% to 10%, are ob-
served in the center of the fields where heat generation is most intense. Similarly, in the main
and cross drifts, which were backfilled right after the emplacement fields were closed, porosity
evolution mirrors that of the emplacement drifts. In the cross drifts, the porosity follows a pat-
tern similar to that at the edges of the emplacement drifts, while in the main drift, the lowest
porosity values are observed along the center of each field.

By year 69, compaction has largely completed in most of the drifts, with porosity reaching
near-zero values, except for the drifts at the edges of the emplacement fields and the drift
containing non-heat-generating structural components. After 100 years from the start of back-
filling, compaction across the emplacement zone is nearly complete. Only in the main drift and
its intersections with cross drifts does porosity continue to evolve, showing values between 5%
and 10%.

In Figure 18.-7, it is evident that the porosity in the long-term seal at the edge of the emplace-
ment zone is progressively decreasing, reaching values between 15% and 25%, 100 years
after backfilling. A detailed view of the porosity evolution in the long-term seal is provided
in Figure 18.-8 shows the reconsolidation of the crushed salt seal between the MgO seals
(in magenta) from 100 to 750 years after backfilling. The figure illustrates the compaction
progression from the emplacement side (right) toward the shaft side (left). This is clearly
noticeable in the porosity distribution at 200 and 300 years. This compaction progression re-
flects the heat propagation from the emplacement fields. By year 400, porosity in the seal has
nearly reached zero. After 700 to 750 years, compaction of the long-term seal is effectively
complete, with only small pockets near the MgO seals showing porosity above zero, likely due
to the assumed rigid contact between the MgO concrete and the crushed salt/clay mixture. A
more accurate representation of this interface would require the use of interface elements in
the model.
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Figure 18.-7: Compaction evolution in the repository after 100 years.
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Figure 18.-8: Compaction evolution in the long term seal after 100 years.
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18.5 Summary: Evolution of crushed salt compaction in a repository mine

The long-term containment of radionuclides in a salt repository relies heavily on the effective-
ness of multiple barriers, including the reconsolidating crushed salt backfill, which serves as
a long-term sealing element. The crushed salt gradually compacts due to lithostatic pressure,
eventually reducing its porosity and permeability to levels that prevent the inflow of solutions
to the waste packages. Understanding the compaction behavior of crushed salt is crucial for
safety assessments.

This study analyzed the compaction behavior of crushed salt under the thermal-mechanical
conditions of a repository. Various modeling approaches were employed to predict how
crushed salt compacts over time in different areas of the repository mine. The compaction
was assessed for both hot and cold repository zones, including disposal drifts and main drifts.

Key findings include:

« Early compaction: In drifts containing heat-generating waste (e.g., POLLUX casks),
compaction occurs rapidly due to high temperatures (up to 200°C). In these areas,
porosity can decrease from 35% to near zero within 5 to 30 years depending on the
modeling approach, completing the compaction process relatively quickly.

» Gradual compaction in colder drifts: In drifts with structural components and main ac-
cess drifts, where heat is less intense, compaction occurs more slowly. These areas
may take several decades to reach full compaction, but the process still occurs well
within the repository’s operational timeline.

» Long-term seal: After 100 years, the long-term seal at the edges of the repository also
shows substantial compaction, with porosity nearing zero after 700 to 750 years. This
compaction ensures the repository’s effective sealing over the long term, aiding in the
isolation of radioactive waste.

The results from these simulations highlight that the compaction process in salt repositories
is predictable. The use of crushed salt as a backfill material provides an effective long-term
sealing mechanism, significantly contributing to the repository’s overall safety and contain-
ment performance. Moreover, the rapid compaction of the crushed salt in thermally active
zones suggests that sealing functions are achieved early in the repository’s life cycle, provid-
ing confidence in the long-term isolation of radioactive waste.

This study confirms that the compaction process, although influenced by varying thermal and
mechanical conditions, is completed early in the repository’s operational phase, thereby en-
suring the long-term safety and containment of radioactive waste in salt-based repositories.

The primary result of this analysis is that the confinement of radioactive waste in salt repos-

itories is achieved relatively early in the repository’s life cycle. This has several important
implications:

» Since the long-term seal is projected to achieve its full functionality within less than
1,000 years, based on the simulation results, the required functional lifetime of the EBS
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could potentially be reduced to just a few thousand years, rather than the previously
assumed 50,000 years.

To better define the required lifetime of the EBS, it is essential to use advanced and
highly accurate constitutive material models for crushed salt and crushed salt clay mix-
tures. Only with precise modeling can the uncertainties regarding the longevity of the
EBS be minimized.

To further reduce uncertainty, it is advisable to use a high temperature limit in the repos-
itory design. The current limit of 200°C has proven effective and is therefore recom-
mended for future salt repositories.

Given that a substantial portion of the repository reaches an advanced state of com-
paction during the operational phase, it is feasible to implement a monitoring system to
ensure that the repository behaves as expected over time.

Additionally, the early compaction behavior suggests that it can be tested under real
conditions through field experiments in salt mines, spanning several decades. Similar
long-term field experiments, such as those on bentonite seals, are already underway in
various underground research laboratories around the world.

BGE TEC 2025-07



19. Mechanical Integrity Assessment of the Drift Seal

19. Mechanical Integrity Assessment of the Drift Seal

In the following section, the design and integrity of the drift sealing system in salt reposito-
ries are assessed based on the methodology developed within the RANGERS project. This
exercise is an example performed for the specific drift sealing system designed in generic
repository system developed in RANGERS, see (Simo et al., 2024).

19.1 Safety function

According to Kock et al. (2012), the drift seal as part of the EBS should prevent or limit the
inflow of solutions until the crushed salt has compacted to the extent that it can take over the
sealing function. Conservative estimates of the required period for salt compaction are up to
a few thousand years. To cover this period, a significantly longer duration of functionality for
the sealing structures is assumed. in actual considerations, the drift seals can remain their
function up to the point where significant changes in the hydrogeological and hydrochemical
conditions are taking place. Such significant changes in the boundary conditions can be
expected in the next ice age (Miller-Hoeppe et al., 2012b). Statements about the function of
the shaft seals are therefore only possible for a period of about 50,000 years, and this period
is assumed for the functional duration in the proof.

19.2 Design of the drift sealing system

The drift sealing system as designed in the scope of RANGERS consists of an assembly
of abutments, drift seals, and the long-term crushed salt seal. In the repository presented
here, four drift sealing systems are designed and are located in the two main drifts closing
all access to the emplacement wings, see Figure 19.-1. The drift seals consider two seal-
ing elements made of MgO-concrete. Both are bounded with concrete-based abutments to
guarantee mechanical stability and fix their positions. Here also, for reason of geochemical
stability, MgO-concrete is considered for the abutments. All elements are placed in a row, with
direct contact to the rock. Kock et al. (2012) recommends the EDZ is removed to the extent
possible immediately before the installation drift sealing system. In the construction location,
the extent of the EDZ is expected to be between 10 and 30 cm. The possibly remaining resid-
ual damage zone can also be sealed by injections if necessary. In between the sequence
of sealing elements and abutments, an additional long-term sealing element is considered.
This sealing element is made of crushed salt that has been enriched with some clay admix-
tures. This clay partially fills the pores in the crushed salt, reduces its permeability at the early
stages of compaction, and help the mixture to reach a fully compacted state much faster. The
effectiveness of this novel material made of crushed salt and clay still need to be shown. For
this study, the behavior of pure crushed salt is assumed for the long term seal. The long
term seal is installed over a length of 300 m between the drift seals. The MgO concrete seals
themselves have a length of 115 m including the abutments. Figure 19.-2 illustrate the design
of the proposed drift sealing system install in the main drifts.
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Figure 19.-1: Location of the drift sealing system in the repository mine.
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Figure 19.-2: lllustration of the drift sealing concept as designed for the RANGERS case study.
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19.3 Modeling cases

The integrity assessment is based on the loads derived from the scenario and Features,
Events, and Processes (FEP) development. The FEPs relevant for the mechanical integrity of
the EBS were already discussed in Section 14.. These FEPs are summarized again for the
drift sealing system composed of the long term seal and the MgO seals in Figure 19.-3.

Thermal expansion and contraction, resulting from heat propagation within the repository,
are among the primary loading conditions on the drift sealing system, aside from lithostatic
load. The combination of heat flow and the convergence of the surrounding rock leads to
mechanical stress changes throughout the repository, creating significant load scenarios that
must be accounted for in the integrity assessment. Additionally, time-dependent processes
such as swelling, shrinking, and creeping of the MgO-concrete used in the seals affect their
resistance and must also be considered.

Over the course of the repository’s evolution, hydraulic changes may arise due to gas pressure
build-up caused by the compression of enclosed mine air and gas generation (in the reference
scenario). Alternatively, a failure of the shaft seal and subsequent water inflow through the
shaft or host rock (in an alternative scenario) could also lead to significant hydraulic pressure
changes. These hydraulic changes are mainly driven by liquid and gas flow processes and lig-
uid inflow into the repository. Seismic events, such as earthquakes, must also be considered,
especially given the long functional lifetime of the EBS (50,000 years), during which even rare
events are eventually likely to happen. In the case of gas explosions or deflagrations, the
dynamic forces generated would propagate through the rock in a manner similar to that of a
seismic event, exerting comparable mechanical stresses on the repository and therefore on
the drift sealing system.

The FEPs in gray in Figure 19.-3 are considered not relevant for the integrity proof of the drift
sealing system for the following reasons:

» Thermal degradation of carnallite: This process is specific to certain minerals that are
not present in the drift seals and in the host rock at the disposal depth, and therefore it
does not directly affect the integrity of the sealing system.

« Liquid flow processes: While hydraulic pressure changes are relevant, liquid flow through
pathways that do not directly intersect the seals is not a primary concern for the mechan-
ical integrity of the drift sealing system.

» Gas flow processes: Although gas pressure build-up is considered, the actual gas flow
mechanisms through other parts of the repository do not significantly impact the integrity
of seals.

« Metal corrosion: This is relevant for metallic components within the repository, but not
for the drift seals themselves, which are made of MgO-concrete and other non-metallic
materials.

« Solution, transformation of clay minerals: This process concerns the alteration of clay
minerals, which are not a component of the MgO-concrete used in the drift seals.

» Microbial processes: Microbial activity is unlikely to have any meaningful impact on the
structural integrity of the drift seals, as it primarily affects organic materials or metals,
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not concrete-based sealing systems.

Alteration of bentonite: Bentonite, commonly relied upon in other repository designs, is
not part of the drift sealing system in this context, making its alteration irrelevant for the
seals. The potential alteration of the clay admixture in the long-term seal, although re-
quiring scientific investigation, can be considered negligible given the natural analogues
of salt-clay formation deposits that have remained stable over millions of years.

Colloid generation and filtration: This concerns the behavior of colloidal particles in
solution, which does not directly affect the mechanical integrity of the drift seals.

Dissolution and precipitation of salt minerals: These processes primarily affect the sur-
rounding rock salt and do not directly influence the integrity of the concrete drift seals.

Asphalt migration: Asphalt is not a material used in the drift seals, and thus, its migration
does not affect the integrity of these barriers.

By excluding these gray FEPs, we focus on the processes and scenarios that are expected to
have a direct impact on the mechanical integrity of the drift seals and are most critical for the
long-term safety of the repository.

From the discussions of the FEPs relevant for the drift seal, one can derive the following
modeling cases to be considered in the design and integrity assessment of the drift sealing
system:

196

Modeling case 1: Thermal-mechanical loading on the drift seals: consideration of the
FEPs heat flow, thermal expansion/contraction, mechanical stress changes, and con-
vergence

Modeling case 2: Thermal-mechanical loading of the drift seals with alteration of con-
crete: in addition to the already enumerated FEPs, the FEP swelling, shrinking and
creeping of MgO-concrete are considered

Modeling case 3: Thermal-mechanical loading with gas pressure built up: consideration
of gas effects acting on the drift seal (FEPs: hydraulic pressure change)

Modeling case 4: Thermal-mechanical loading combined with an earthquake event

Modeling case 5: Thermal-mechanical loading with hydrostatic loading following the
failure of the shaft seal (alternative scenario)
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Figure 19.-3: Initial FEPs of relevance for the mechanical integrity proof of the drift seals.

Other modeling cases can be derived as the combination of the selected ones above. The
thermal-mechanical evolution, which is the integral effects resulting from gravitational forces,
convergence and creep of the host rock as well as the heat propagation, can be considered
as the permanent design situation and serves as the basis for combination with other FEPs
or modeling cases. The interaction between the drift sealing system and the surrounding rock
belongs also to the permanent design situation. Especially, stresses and strains resulting from
temperature increases at the contact zone need to be addressed.

In the presence of the adequate constitutive models, the time dependent behavior of the
concrete materials can be also added to the permanent design situation. Autogenous swelling
of the Sorel concrete is attributed to the construction phases and is therefore not considered.
Solution-induced swelling does not occur, as there is only a negligible amount of solution
present. (Miller-Hoeppe et al., 2012a).

The (hydraulic) load cases are occurring gradually over the time for the case of gas pressure

build up. As the shaft seal is assumed to retain its function over the verification period, an
inflow of water followed by a rise of fluid pressure at the edge of the drift seal can only be
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considered in the scope of the alternative scenario analysis. The occurrence of earthquakes
should also be considered in integrity assessment as such events will probably occur over the
considered verification period of time.

In this study, the design and safety assessment will be exemplary demonstrated for the mod-
eling case 1. Additional hydraulic analyses are required before modeling cases 3 and 5 can
be analyzed. Adequate constitutive modeling is needed for the modeling of case 2. Dynamic
analyses beyond the scope of RANGERS are needed for the seismic simulations in case 4.
19.4 Integrity safety concept and criteria

Five individual verification criteria have been formulated for the demonstration or verification

of structural integrity. There are (Mdller-Hoeppe et al., 2012b):

« Structural Stability (commonly referred to as “Load-bearing Capacity”)

Crack Limitation

» Deformation Restriction

Filter Stability

» Long-term Stability (also known as “Durability”)

As already stated, the drift sealing system is composed of MgO seals with their MgO abut-
ments and the long term seal made of crushed salt-clay mixture. The first two criteria apply
for the MgO components and can be combined by using adequate constitutive model for Sorel
concrete. This will be described in more detail later on. These two criteria apply also for the
contact zone and the EDZ.

The criterion of deformation restriction may be indirectly related to the long term seal if the dis-
placement of the MgO seals serving as abutments for the long term seal, potentially increases
the initial volume of the space where the long-term seal is installed. Instead of specifying a
displacement limit, the criterion can be checked in an analysis taking into account the interac-
tions between the MgO seals and the long term seal during the compaction process.

The absence of granular material also eliminates the need to verify the filter stability criterion.
It should be mentioned that the long term seal made of crushed salt is installed in a granular
state. This seal gains its function when it reaches a fully compacted solid state. No need to
check the filter stability.

The long-term stability is covered in Chapter 17.

Specific requirements for the geological barriers in § 5 (2) of EndISiAnfV (2020) applies for the
contact zone between the elements of the drift sealing system and the host rock. The contact
zone represents a critical path that need to be verified in order to secure the safe containment
of the CRZ. Therefore the dilatancy criterion should be verified for the contact zone along the
drift sealing system.
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19.5 Numerical model
19.5.1 Modeling concept

The numerical model necessary to investigate the evolution of the drift seals accurately repre-
sent both the stress development and thermal propagation in the near field of the drift sealing
system. Because the thermal sources are located in the emplacement field from which the
heat starts to propagate within the repository, it's necessary to have a model that explicitly
consider the emplacement fields. Thus, the model must cover an area of several square kilo-
meters while consisting of finite elements that are only centimeters in size in key areas. To
handle this complexity, the following simplifications were made.

First, all the drifts in the model are simplified with a rectangular cross-section. The drift seals
are instantaneously backfilled. This means that the pouring of the Sorel concrete made seals
and the transient effects due to concrete hydration are not considered. The geological units
above and below the rock salt formation are coarsely discretized which is sufficient to account
for their weight and stiffness. Symmetrical boundary conditions were used, and only a quarter
of the repository was modeled. The size of the finite elements varies in the model, ranging
from 20 cm in the drift seals and gradually increases in the emplacement fields and in the
overburden. The lateral boundaries are 1.5 to 2 km away from the repository, ensuring that
minimal boundary effects are expected. The standard displacement and adiabatic boundary
conditions were applied to the model boundaries.
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Figure 19.-4: Top view of the numerical model for the analysis of the mechanical integrity of
the drift sealing system for the section depicted in Figure 19.-1.

The numerical model considered in this analysis is the one already used for the compaction

analysis which also contains the drift sealing system. The cross section of the drift seal in
this model consists of 11 by 5 subdivisions. In this model, all the drifts are resolved and are
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used as heat sources with the corresponding thermal power of all waste packages disposed
in each drift. The model has been already presented in Figure 18.-6. A top view of this model
at the level of disposal depth is shown in Figure 19.-4 with an emphasis on the drift sealing
system.

The modeling stages account in the simulation starts with the initialization of the primary
state. It follows the excavation of the drifts in the mine, which is carried out instantaneously.
A sequential backfilling is realized up to the complete closure of the mine. Thus, the main
drift remains open over 30 years before the construction of the drift sealing system. Over the
time, the convergence of the rock due to creep will compact all materials in the mine. This
convergence process is further enhanced by the thermal propagation also considered in the
model.

To limit the computational effort, the simulation was carried out thermal-mechanically over
1,200 years. This corresponds approximately to the end of the thermal phase of the repository
evolution. Subsequently, the thermal phase is deactivated and the simulation continue in the
mechanical process class. This allowed us to speed up the simulation by a factor of 10. The
residual heat still present in the model at 1,200 years will enhanced the creeping behavior
of the rock leading to more deformations and stresses on the drift sealing structure. This
assumption is therefore conservative for the design of the drift seals.

19.5.2 Initial conditions

The drift sealing system is planned at the disposal level at a depth of 810 m in the StaB3-
furt sequence. An isotropic primary stress state is assumed, with an integral density of the
overlying layers assumed to be 2.200 kg/m3. This results in a calculated depth pressure of
approximately 18.5 MPa at the level of the disposal level. For the undisturbed rock tempera-
ture, the temperature gradient of 3 K/100 m is assumed resulting in a temperature of 33.3°C
at the disposal depth. Similar boundary conditions as used for the previous simulations are
also assumed here.

19.5.3 Constitutive models

Different constitutive models are essential to accurately represent the complex behavior of the
repository system, with a specific focus on the drift sealing system. Figure 19.-5 illustrates a
cross-sectional view of a geological repository, where various geological layers and materials
are assigned distinct constitutive models based on their mechanical properties.

The overburden, composed of Quaternary, Tertiary, and Bunter sandstone layers, is modeled
using the Mohr-Coulomb failure criterion, appropriate for geomaterials. For the salt formations,
different creep laws derived from the WIPP creep law are applied to capture the viscoplastic
behavior of the salt under long-term loading conditions. FLAC3D is used for this analysis, the
WIPP creep law is implemented in it already.

The main anhydrite layer, which is typically found in a fractured or broken state due to stresses
caused by salt diapirism, is modeled using a reduced stiffness to reflect its fractured nature.
Its plastic behavior is also simulated using the Mohr-Coulomb model, which is suitable for
materials that undergo shear failure under stress.
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The underburden below the salt is treated with an elastic constitutive model. Since this region
is located far from the point of interest — the drift sealing system — modeling it elastically is
a sufficient and efficient approximation for the purposes of this analysis.

Table 19.-1 summarizes the different constitutive models for the geological layers with their
elastic material properties. The recommended creep classes for the different salt layers are
given in Table 19.-2. The parameters for the creep laws BRGa and BGRb are summarize in
Table 19.-3 and in 19.-4. The Mohr-Coulomb parameters of the overburden layers and main
anhydrite can be found in Table 19.-5.
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Figure 19.-5: Distribution of constitutive models used in the numerical model for the integrity
assessment of the drift seals.

Table 19.-1: Mechanical properties and density of geological layers (Liu et al., 2017).

Model zones Symbol Constitutive Model Density p Young’s Poisson
(kg/m®) modulus E  ratio v
(GPa)
Quaternary Q Mohr-Coulomb 2000 0.1 0.33
Tertiary T Mohr-Coulomb 2100 0.5 0.33
Bunter S Mohr-Coulomb 2500 15 0.27
Aller rock salt NA4 wipp, BGR?® 2235 25 0.27
Anhydritmittelsalz AM3 wipp, BGR® 2275 30 0.27
Potash seam Ronnenberg K3 wipp, BGR-SF 1850 16 0.26
Leine rock salt NA3 wipp, BGR? 2160 25 0.25
Main anhydrite A3 Mohr-Coulomb 2700 60 0.25
Potash seam Staf3furt K2 wipp, BGR-SF 1850 17 0.28
Staffurt rock salt NA2 wipp, BGR® 2160 33 0.25
Anhydrite/carbonate A2/C2 elastic 2700 30 0.27
Underlying red R elastic 2500 17 0.27

BGE TEC 2025-07 201



19. Mechanical Integrity Assessment of the Drift Seal

Table 19.-2: Recommended formula for geological zones (Liu et al., 2017).

Homogeneous zones Symbol Recommended formula (with
Prefix Factor)

Aller rock salt NA4 :-BGR?

Anhydritmittelsalz AM3 -+ -BGR?

Potash seam Ronnenberg K3 BGR?

Leine rock salt NA3 1 -BGR?

Potash seam StafBfurt K2 BGR-SF

Staffurt rock salt NA2 2.BGR°

Table 19.-3: BGR? parameters for rock salt (Liu et al., 2017).

Material parameter Symbol Value Unit

Gas constant R 8.31441 [J/mol*K]
Activation Energy Q 5.40E+04 [J/mol]
WIPP_Model constant A 0 [-]
WIPP_Model constant B 0 [-]

Critical steady-state creep rate - -0.01 [1/s]
Structural factor WIPP_Model constant D 0.18 [MPa™ d]
WIPP_Model exponent n 5 [-]

Table 19.-4: BGRP parameters for rock salt (Liu et al., 2017).

Material parameter Symbol Value Unit
Creep rate crfac 2x5.872 []
Activation Energy Q1 4.20E+04 [J/mol]
Activation Energy Q2 1.13E+05 [J/mol]
WIPP_Model constant A 0 [
WIPP_Model constant B 0 [-]

Critical steady-state creep rate  egot -0.01 [1/s]
Structural factor D dwipp 0.18 [
WIPP_Model constant diwipp  2.30E-04 [MPa™ d]
WIPP_Model constant d2wipp  2.10E+06 [MPa™ d]
WIPP_Model exponent nwipp 5 []

Table 19.-5: Mohr-Coulomb parameters of the overburden layers and main anhydrite (Liu
et al., 2017) (Bollingerfehr et al., 2018).

Homogeneous zones Symbol Cohesion, ¢ [MPa] Friction angle, ¢ [ Tension limit, oy
[MPa]

Quaternary Q 2 27.5 0.1

Tertiary T 5 30 0.1

Bunter S 4 15 0.1

Main anhydrite A3 20 35 0.1
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The repository mine will be backfilled with crushed salt. It is also planned to use a mixture of
crushed salt and clay for the main sealing element in between the Sorel concrete seals. In the
absence of experimental data and model available to describe this novel material, we assume
for the time being that the behavior of this material is similar to crushed salt (but it will likely
have lower permeability at early times). In this regard, the crushed salt model presented in
Table 18.-3.

An advanced constitutive model for Sorel concrete has been developed at BGE and BGE
TECHNOLOGY for the license application of the Morsleben mine. This model assumes a
Drucker-Prager yield surface for plasticity. The viscoelastic part of the model is described
rheologically by the Burgers model. The Burgers model consists of a Maxwell element and a
Kelvin element. The Maxwell element is a series connection of spring and damper elements
and describes the instantaneous elasticity along with the basic creep, while the Kelvin element
is a parallel connection of spring and damper elements and describes the transient creep.
The deformation processes taken into account in the model is presented in Figure 19.-6. An
associated thermal part is described in (Itasca Consulting Group, Inc., 2021). The solution
of thermal and mechanical process classes is based on a weak coupling, meaning there is
not a single system of equations to be solved, but rather two separate systems of equations,
each solved independently. The model has been validated against experimental data, see
Figure 19.-7.
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Figure 19.-6: Rheology of the constitutive model M2 for Sorel concrete.
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Figure 19.-7: Comparison between the model computation of compressive and tensile
strength against experimental data for Sorel concrete.

The present analysis does not consider the transient effects occurring in the Sorel concrete
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from the pouring of the seal to its hardened state. We focus only on the long-term evolution
which is relevant for the safety case. In this case, the Drucker-Prager model from which the
model is based can be used for this analysis. We therefore extracted from the initial model the
Drucker-Prager parameters representing a concrete strength after 56 days which represent
the long term strength of the Sorel concrete, see Table 19.-6. Further increase of concrete
strength as it can be seen in Figure 19.-7 are conservatively neglected.

Table 19.-6: Drucker-Prager mechanical properties for Sorel concrete.

Property Value
Density, p [kg/m®] 1,900
Young’s modulus, E [MPa] 20,333
Poisson’s ratio, v, [-] 0.372
Bulk modulus, K [MPa] 26,475.26
Shear modulus, G [MPa] 7,409.985
Friction-drucker, ¢, 1.43
Cohesion-drucker, k., 5.6
Dilation-drucker, d.; 0

Tension limit, oy [MPa] 1.76

19.6 Numerical results

The loads acting on the drift sealing structures are the results of the thermal-mechanial evo-
lution of the repository system. In order to understand how does load evolve, we will describe
how each variable is evolving over the time.

19.6.1 Global displacements

The impacts of heat generated by the radioactive waste is one of the primary processes,
alongside excavation-induced stress redistribution, that significantly affects the repository sys-
tem. This was discussed in detail in chapter 16.. The impact of heat propagation on the
displacement evolution at the disposal level is illustrated in Figures 19.-8, 19.-9, and 19.-10.

Figure 19.-8 presents the y-displacement in space at three times. Due to the heat generated
in the disposal drifts, thermal expansion causes the surrounding rock to expand, which is
evident from the displacement patterns in the first and third emplacement fields. The first
emplacement field, located on the right side of the image, shows a clear expansion of the rock
mass away from the emplacement. This results in displacement opposite to the y-axis for the
first emplacement field, while for the third emplacement field, the displacement occurs along
the positive y-axis.

In contrast, the second emplacement field shows minimal expansion. This is because the
expansion of the adjacent first and third emplacement fields constrains the second field, ef-
fectively canceling out any significant deformation.

Over the time period from 100 to 1,400 years, the expansion of the rock mass becomes more
pronounced, reaching its peak when the temperature is at its highest, as shown in Figure 16.-
7. As the temperature starts to decrease, the expansion subsides, and the displacement
gradually reduces.
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The displacement along z-direction in Figure 19.-9 shows that the thermal expansion will
cause an uplifting of the rock mass towards the surface. This uplifting process is concentrated
over the emplacement fields and does not significantly affect the location where the drift seal-
ing system is installed. Although the uplifting is still ongoing in the middle of the formation
at 1,400 years, a recovery (i.e., decrease of displacement) can be observed at the disposal
level at the emplacement fields between the time points of 700 and 1,400 years. Along the
main drift, negative values of displacement (subsidience) are observed. They indicate the
convergence of the rock compacting the crushed salt and long term seal in the drift.

The displacement along the x-direction, as shown in Figure 19.-10, highlights the effect of
thermal expansion in that axis. Similar to the y-displacement, the rock mass expands at the
disposal level, with the largest displacements occurring at the boundaries of the emplacement
fields along the x-axis. This expansion extends towards the region where the drift sealing
structures are installed, though moderate displacement values are observed there, gradually
decreasing as the distance from the emplacement fields increases.

Notably, no displacement is seen at the center of the emplacement field located at the front
of the model, which serves as a symmetrical boundary. At the top of the formation, significant
displacements in the x-direction are observed, which result from the uplift process occurring
in the z-direction. The presence of the anhydrite layer—a non-creeping material with high
stiffness—appears to decouple the mechanical processes in the repository mine from those
at the top of the formation.

BGE TEC 2025-07 205



19. Mechanical Integrity Assessment of the Drift Seal

206

FLAC3D 9.00

©2024 ltasca Consulting Group, Inc.

Displacement, y [m]
0.225
0.150
0.075
0.000
-0.075
-0.150
-0.225

time: 100 years

Project RANGERS.
BGE TECHNOLOGY GmbH

FLAC3D 9.00

©2024 Itasca Consulting Group, Inc.

Displacement, y [m]
0.225
0.150
0.075
0.000
-0.075
-0.150
-0.225

time: 700 years

Project: RANGERS
BGE TECHNOLOGY GmbH

FLAC3D 9.00

©2024 Itasca Consulting Group, Inc.

Displacement, y [m]

time: 1400 years

Project. RANGE

RS
BGE TECHNOLOGY GmbH

Figure 19.-8: Displacement distribution along the y-axis over time.
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Figure 19.-9: Displacement distribution along the z-axis over time.

BGE TEC 2025-07

207



19. Mechanical Integrity Assessment of the Drift Seal

FLAC3D 9.00

©2024 ltasca Consulting Group, Inc.

Displacement, x [m]
0.225
0.188
0.150
0.112

0.075
0.037
0.000

time: 400 years

Project. RANGERS
BGE TECHNOLOGY GmbH

FLAC3D 9.00

©2024 ltasca Consulting Group, Inc.

Displacement, x [m]
0.225
0.188
0.150
0.112

0.075
0.037
0.000

time: 700 years

Project: RANGERS
BGE TECHNOLOGY GmbH

FLAC3D 9.00

©2024 ltasca Consulting Group, Inc.

Displacement, x [m]

time: 1400 years

Project: RANGERS
BGE TECHNOLOGY GmbH

208

Figure 19.-10:

Displacement distribution along the x-axis over time.
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19.6.2 Displacements and strains in the seals

Figure 19.-11 illustrates the displacement vectors around the first Sorel concrete seal near the
emplacement fields at the disposal level. The vectors represent the projected displacements
on the x-y plane, with the z-component excluded. As shown in the figure, the rock mass pre-
dominantly moves in the y-direction at the level of the seal. This movement becomes most
pronounced at around 700 years, coinciding with the peak temperature in the repository. At
100 years, there is minimal rock mass movement near the seal, as indicated by the small size
of the vectors. By 1,600 years, the rock mass continues to move in a similar direction as at
700 years, but the smaller vector size suggests that the velocity of this movement is gradu-
ally decreasing. Due to the viscous and creeping nature of salt, which causes it to deform
more rapidly than the stiffer concrete seal, it can be anticipated that rock mass movement will
generate lateral skin forces along the surface of the seals. These skin forces, in turn, induce
tensile loading in the seals.

This phenomenon is also observed in geotechnical applications to pile foundation. The so
called negative skin friction (negative Mantelreibung in German) is a phenomenon that occurs
in pile foundations when the surrounding soil settles and exerts a downward frictional force on
the surface of the pile. Normally, the skin friction between the pile and the soil acts upwards
and helps support the load carried by the pile. However, in certain conditions, this friction
reverses, becoming negative, and adds an additional load on the pile rather than providing
support. The settling of the surrounding soil generates a downward force along the pile’s
surface. This downward force acts against the pile, essentially pulling it down by applying a
tensile force.

To test this hypothesis, we closely examine the displacement experienced by the seals over
the course of the simulation. Table 19.-7 and Table 19.-8 display the displacement along the
y- and x-directions, respectively, for the two drift seals — one located near the shaft and the
other near the disposal side. In Table 19.-7, it is evident that the seal near the emplacement
fields experiences greater displacement compared to the seal near the shaft. For both seals,
displacement increases from the disposal to the shaft side, creating a heterogeneous distribu-
tion. This uneven displacement leads to an elongation or extension of the seals. For the seals
to experience this extension, they must be subjected to tensile stresses, thereby validating the
hypothesis.

The seal near the disposal side exhibits a maximum elongation ranging from 12 to 15 cm,
occurring between 500 and 600 years after the disposal of radioactive waste. This period
coincides with the thermal peak in the repository, as previously mentioned. Meanwhile, the
extension of the seal near the shaft is more moderate, with the maximum displacement not
yet reached even after 1,400 years.

In Table 19.-8, where the displacements of the seal along the x direction is displayed, a more
homogeneous displacement distribution is observed. Here also the seal at the disposal side
experiences higher displacement compare to the seal at the shaft side. The observed dis-
placements may result also into an extension along the width of the seal. This is however
limited to less than 2.5 cm for both seals. This also confirm the observations gained from
the displacement vectors in Figure 19.-11 where it has been shown that the seals are mostly
stressed along the y direction.
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The extension of the seals discussed above can also be observed in the strain distribution
within the seals, as shown in Table 19.-9, which presents the maximum principal strain in both
seals over time. Only positive strain values are computed, indicating extension. Higher strain
levels are reported in the center of the seal compared to the boundary regions, likely due to
the tight contact with the surrounding rock. The maximum strain in the main part of both seals
is less than 7.5 x 1073, This value remains constant over the time up to 1,400 years indicating
that the rock mass movements around the seals are still active.

However, the highest strain values are observed at the edges of the seal, which is a numerical
artifact. This occurs because, in the model, the seal is rigidly connected to the crushed salt.
As the crushed salt compacts due to convergence, tensile forces develop at the interface with
the seal, as the seal cannot accommodate the deformation of the compacting salt. This results
in elevated strain at the ends of the seal.

To address this effect, interface elements or similar numerical techniques should be used to

prevent such artifacts. Nonetheless, these high strain values remain localized at the seal
edges and do not propagate further into the seal over time.
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Figure 19.-11: Displacement vectors around the seal over time. Refer to Figure 19.-4 for the
seal’s position within the repository.
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Table 19.-7: Displacement distribution in the drift seals along the y-axis over time. y-axis is
along the

Drift seal shaft side Drift seal disposal side
Time: 100 years

Time: 200 years

Time: 300 years

Time: 400 years

Time: 500 years

Time: 600 years

Time: 700 years

Time: 800 years

Time: 900 years

Time: 1000 years

Time: 1100 years

Time: 1200 years

Time: 1300 years

Time: 1400 years

Displacement, y [m]

T
0.000 0.025 0.050 0.075 0.100 0.125 0.150
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Table 19.-8: Displacement distribution in the drift seals the x-axis over time.

Drift seal shaft side Drift seal disposal side
Time: 100 years

Time: 200 years

Time: 300 years

Time: 400 years

Time: 500 years

Time: 600 years

Time: 700 years

Time: 750 years

Time: 800 years

Time: 900 years

Time: 1000 years

Time: 1100 years

Time: 1200 years

Time: 1300 years

Displacement, x [m]

T
0.000 0.025 0.050 0.075 0.100 0.125 0.150
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Table 19.-9: Strain distribution in the drift seals over time.

Drift seal shaft side
Time: 100 years

Time: 200 years

Time: 300 years

Time: 400 years

Time: 500 years

Time: 600 years

Time: 700 years

Time: 800 years

Time: 900 years

Time: 1000 years

Time: 1100 years

Time: 1200 years

Time: 1300 years

Time: 1400 years

Drift seal disposal side

Strain increment, magnitude [-]

0.00 2.50E-3  5.00E-3 7.50E-3 100E-2 125E-2 1.50E-2
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19.6.3 Stresses in the seals

The stresses responsible for the observed extension of the seals are exemplified in Figure 19.-
12, which shows the distribution of the maximum principal stresses in the seal, along with the
vectors indicating the direction of these stresses. It is clearly noticeable from the figure that
the maximum principal stresses are primarily in the tensile region at the evaluated time, and
their direction aligns with the y-axis — the same direction in which the extension of the seal
has been observed. These findings further support the hypothesis that thermal expansion
of the rock mass induces skin forces at the seal boundaries, leading to the development of
tensile stresses and, consequently, the extension of the seals.
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Figure 19.-12: Maximum principal stress distribution and vectors in the drift seals at 750 years.

The stresses in the seals resulting from the rock mass expansion are shown in Table 19.-10,
which illustrates the evolution of maximum principal stresses in both seals at several time
points. As can be expected, tensile stresses develop in the seals. The seal located near
the disposal side experiences higher stress compared to the one near the shaft, due to its
proximity to the heat source, where thermal expansion is more pronounced.

In the early stages of the simulation, tensile stresses begin to form at both ends of each seal.
Over time, these stresses propagate toward the center of the seals. By around 800 years, the
entire seal at the disposal side is subjected to tensile stresses, with this condition intensifying
until around 1,400 years, when stresses exceed 1 MPa in the center. A recovery begins at the
seal ends around 500 years, where the seal gradually returns to a state of compression.

The behavior of the seal near the shaft is similar to that of the seal near the disposal side,
with tensile stress accumulation observed at the edges. However, unlike the disposal-side
seal, there is no propagation of tensile stresses toward the center. This indicates that the
thermal expansion of the rock mass near the shaft is insufficient to significantly impact the
seal further. The stress state remains largely unchanged from 500 years onward, except for a
stress recovery observed at the right end of the seal.
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Table 19.-10: Maximum principal stress distribution in the drift seals over time.

Drift seal shaft side
Time: 100 years

Time: 200 years

Time: 300 years

Time: 400 years

Time: 500 years

Time: 600 years

Time: 700 years

Time: 800 years

Time: 1200 years

Time: 1400 years

- =

Time: 1600 years
==

Time: 2000 years

Drift seal disposal side

-5.00 -4.00 -3.00
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19.7 Verification of integrity

To assess the integrity of the drift sealing structure, the verification criteria discussed in sec-
tion 19.4 need to be evaluated. Those criteria are Structural Stability, Crack Limitation, Defor-
mation Restriction, Filter Stability and Long-term Stability. Additionally, the dilatancy criterion
is considered to verify that the contact zone remain tight along the drift sealing system over
time.

The performance of the long term seal was already discussed in section 18.4. There has
been already shown that the long term seal will gain its function quite early in the repository
lifetime. From the criteria mentioned above, the deformation of the seals that constrain the
long term seal may affect its performance. This is fortunately not the case as the compaction
of the long term seal as presented in section 18.4 already account for the deformation of the
seals discussed in section 19.6.2. Both analyses were combined in a single simulation. This
means the the deformation experienced by the seals did not have a negative effect on the
compaction evolution of the long term seal

For the seals, we use a qualified constitutive material model that has been validated and
calibrated against experimental data. The evaluation of the damage state of the sorel concrete
based on this model allows us to quantify the criteria of structural stability and crack limitation.
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Figure 19.-13: Plasticity state in the drift seals at the end of the simulation.

Figure 19.-13 illustrates the damage in the seals due to the thermal-mechanical behavior of
the surrounding rock mass, shown along a vertical cut through the middle of the seal. As
observed, the damage is confined to the ends of the seals. This damage results from the
numerical artifact previously identified in the strain distribution, caused by the rigid (elastic
fixed) contact assumption between the seal and the crushed salt. As the crushed salt com-
pacts, it exerts traction on the seal that would not occur in reality. As previously discussed,
using interface elements or introducing thin layers with weak thickness would better model the
interaction between the seal and crushed salt.
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It is also important to note that the damage is located in the abutment sections of the seal,
which do not serve a sealing function but instead protect the sealing section, which remains
undamaged. The amount of damage in the abutments is particularly related to the coarse
mesh used for this analyses. This was necessary to limit the computational effort for the
analysis. Using a finer mesh will to reduce the amount of damage in the abutments. This
damage must be concentrated at the interface to the crushed salt. As already mentioned.
By employing an adequate numerical technique to realistically modeled the interface crushed
salt/Sorel concrete, one should not expect any damage at all.
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